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Abbreviations 

CIDNP          Chemical Induce Dynamic Nuclear Polarization 

CPD              Cyclobutane Pyrimidine Dimer 

ERCC1         Excision Repair Cross Complementing -1  

HhH              Helix-hairpin-Helix 

HSQC           Heteronuclear Single Quantum Coherence 

NER              Nucleotide Excision Repair 

NMR             Nuclear Magnetic Resonance 

NOE              Nuclear Overhauser Effect 

NOESY         Nuclear Overhauser Enhancement Spectroscopy 

RDC              Residual Dipolar Coupling 

TALOS         Torsional Angle Likelihood Obtained from Shifts and sequence 

                      similarity. 

TFIIH            Transcription Factor IIH 

XPF               Xeroderma Pigmentosum Group F 
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Discovery of DNA repair: an overview 

In the early 1930s long before the structure of DNA was solved, a small group of 

physicists stimulated the early work on DNA damage and repair. During this period 

ideas from the realm of physics inspired the geneticist to recapitulate the problems 

related to size, mutability and self-replication of genes. Herman Muller first 

confirmed that the exposure of ionizing radiation on the fruitfly Drosophilia can cause 

mutations in the genome (Muller, 1927). The ability of the living cells to recover from 

the lethal effect of UV radiation was unveiled in mid 1930s (Hollaender & Duggar, 

1936). However, it took a while to discover DNA repair mechanisms. The initial 

breakthrough came when Albert Kelner (Kelner, 1949) and Renato Dulbecco 

(Dulbecco, 1949) independently observed anomalous survival rates of living cells or 

bacteriophage when exposed to a light source of UV radiation, either sunlight or 

fluorescent light in their respective laboratories. Their observations led to the 

discovery of the phenomenon known as enzymatic photoreactivation (EPR) 

(Dulbecco, 1949; Friedberg, 1995; Kelner, 1949; Zelle et al, 1957). EPR is a 

mechanism by which cyclobutane pyrimidine dimers in DNA, generated by the 

exposure to UV light potentially blocking regulatory processes, like transcription and 

replication, are removed from the genome. In this particular DNA repair mode the 

damage DNA is repaired by a light-dependent enzyme reaction. A class of enzymes 

called DNA photolyases which act on covalently bonded dipyrimidines of both the 

cyclobutyl and the 6-4 types catalyzes enzymatic photoreactivation. All DNA 

photolyases catalyze the monomerization of dipyrimidines by photochemical 

reactions, which depend on the presence of visible light. It is noteworthy to mention 

that the enzymatic photoreactivation of DNA occupies a special place in the history of 

the evolution of the DNA repair field. The issue of DNA repair and other cellular 

response to DNA damage returned to mainstream of molecular biology when Dick 

Setlow, Paul-Howard Flanders and Philip Hanawalt in the early 1960’s discovered 

several other examples of DNA repair in nature (Friedberg, 1995) . 

DNA Damage and Repair 

Cellular DNA is the carrier of genetic information in all living organisms. Therefore, 

maintenance and protection of DNA integrity is essential for the existence of life. A 

large variety of modifications constantly assault genomic DNA resulting in a plethora 

of DNA lesions, which are lethal to the cell survival as shown in Figure 1.1. For 

example, there can be deamination of cytosine to uracil, formation of 8-oxoguanine, 

single and double strand DNA breaks, aberrant methylation of guanines, mismatch 

base insertion and interstrand crosslink (Hoeijmakers, 2001; Sancar, 1995).  
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Importantly, these alterations modify the regular DNA structure and corrupt its 

function, leading to cellular death of unicellular organisms or degenerative changes 

and aging of multi-cellular organisms. To maintain the delicate balance between 

genomic stability and instability, DNA repair mechanisms are essential in all living 

cells. Mainly, four types of pathways are elicited by DNA damage, which are DNA 

repair, DNA damage checkpoints, transcriptional response, and apoptosis (Scheme 1). 

To date, several different repair pathways are discovered, and all these processes are 

highly complex. These processes are described and their modes of action are 

summarized below. In the human genome, more than 130 genes have been found to 

be involved in repair mechanisms (Wood et al, 2005). As soon as a genomic offense 

is encountered specific repairing molecules are triggered that are targeted to or near 

the damage site, mobilizing other molecules to attach to the site that is able to restore 

the damage.  

 

 

 

Figure 1.1  

Common sources of DNA damage, different type of DNA lesions, and 

repair pathways. 
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DNA repair mechanisms 

Base excision repair (BER) corrects several types of base alterations and is the main 

pathway for the removal of oxidative damage throughout the cell cycle. Damage 

removal by BER involves flipping the mutated base out of the DNA helix and 

replacing the single nucleotide alone. Mismatch Repair (MMR) corrects base pair 

anomalies, small insertions, deletions introduced by the replication and recombination 

machinery. Nucleotide excision repair (NER) eliminates DNA lesions that severely 

distort the DNA helix, such as bulky adducts and cross-links. Importantly, all of these 

repair pathways share a common feature, which is the use of the undamaged 

complementary strand of the DNA double helix as a template for DNA synthesis to 

restore the correct DNA sequence. 

Homologous recombination, nonhomologous end joining and single-strand 

annealing all are repair pathways that are vital in the repair of the deleterious double 

strand breaks (Caldecott, 2001; Scharer, 2003; Shrivastav et al, 2008; Whitehouse et 

al, 2001). In homologous recombination (HR), a second intact copy of the broken 

chromosome segment serves as a template for DNA synthesis across the breaks and is 

in principle error free (Ishino et al, 2006). Nonhomologous end joining (NHEJ) (Lin 

et al, 1999) does not rely on a homologous DNA template which means it can operate 

in situations, when one chromosomal copy is available; this pathway merely fuses the 

broken DNA ends and is not necessarily error free. Single-strand annealing 

(Caldecott, 2001) fixes the double strand breaks by using the flanking homologous 

region of the broken chromosome, which results in a deletion of single copy of the 

repeated sequence. Importantly, recombinational events briefly mentioned are also 

required for the repair of interstrand cross-links (Ciccia et al, 2008; Lin et al, 1999). 

Generally, repair enzymes orchestrate all repair reactions, which involves recognizing 

the unwanted invasion site and eliminating the damaged nucleotide (Ciccia et al, 

2008; Hoeijmakers, 2001). 

 

Scheme 1  

Responses to and consequence of DNA damage. 
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Genetic Diseases and Nucleotide Excision Repair 

Xeroderma pigmentosum (XP) was first described in the year 1874 by Hebra and 

Kaposi (Hebra & Kaposi, 1874). Following this report, in 1882 the Hungarian 

dermatologist Moritz Kohn coined the term XP for the condition, referring to its 

symptoms. Xeroderma pigmentosum is a rare disorder transmitted in an autosomal 

recessive manner (Kaposi, 1882). The disease is transmitted when the offspring 

receives two defective chromosomes, one from each parent. In general, the disease 

manifests itself in early childhood. Individuals with XP have marked sensitivity to 

sunlight and develop serious sunburns with onset of poikiloderma in the light exposed 

skin. Several types of carcinomas, such as, squamous cell carcinomas, basal cell 

carcinomas and malignant melanomas, appear in childhood. The majority of the 

patients die before reaching adulthood because of metastases (Friedberg, 2001; 

Hoeijmakers, 2001). The chromosomal location of the gene for each XP 

complementation group and the function of the gene is shown in Table 1. 

 

The link between clinical heterogeneity and the severe symptoms of XP patients, was 

disclosed by a remarkable observation made in the year 1968, when James E.Cleaver 

reported that the XP cells were unable to repair ultraviolet (UV)-induced DNA 

damage, leading to an increased predisposition to cancer (Cleaver, 1968; Cleaver, 

2005; Kraemer et al, 2007). Subsequently, the clinical consequence of DNA repair 

defects, such as, Trichothiodystrophy (TTD) (Dubaele et al, 2003; Giglia-Mari et al, 

2004; Itin et al, 2001), and Cockayne syndrome (CS) (Nance & Berry, 1992) was 

explained and their association with Nucleotide Excision Repair (NER) was 

established (Friedberg, 1999; Friedberg & Wood, 2007; Giglia-Mari et al, 2004; 

Lehmann, 2003; Nance & Berry, 1992).  

 
Locus Name 

Gene 

Symbol 

Chromosomal 

Locus 
Protein Name & Function 

 
A 

 
XPA 

 
XPA 

 
9q22.3 

DNA –repair protein complementing 
XP-A cells 

 
B 

 
XPB 

 
ERCC3 

 
2q21 

TFIIH basal transcription factor 
complex helicase (3’-5’) XPB subunit 

 
C 

 
XPC 

 
XPC 

 
3p25 

DNA-repair protein complementing 
XP-C cells 

 
D 

 
XPD 

 
ERCC2 

 
19q13.2-q13.3 

TFIIH basal transcription factor 
complex helicase (5’-3’) XPD subunit 

 
E 

 
XPE 

 
DDB2 

 
11p12-p11 DNA damage-binding protein2 

 
F 

 
XPF 

 
ERCC4 

 
16p13.3-p13.13 DNA repair endonuclease ( 5’ ) XPF 

 
G 

 
XPG 

 
ERCC5 

 
13q33 DNA repair endonuclease ( 3’ ) XPG 

 
H 

 
XPH 

 
ERCC1 

 
19q13.2-q13.3 DNA excision repair protein ERCC1 

 
XP variant 

  
POLH 

 
6p21.1-p12 DNA polymerase eta 

Table 1: Molecular Genetics of XP 
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Nucleotide Excision Repair (NER) is a cellular process, conserved in all forms 

of life (Sancar, 1996b). NER is a highly specialized pathway for removing a wide 

variety of helix distorting lesions from the DNA, including UV induced damages and 

bulky DNA adducts and is essential for maintaining genome integrity. The molecular 

mechanism of NER is complex and involves the action of 25 or more proteins with 

distinct functions and interacting partners (Aboussekhra et al, 1995; Costa et al, 2003; 

Volker et al, 2001; Winkler et al, 2001). Two sub-pathways of NER have been 

described (Hanawalt, 2002): transcription coupled repair (TCR) and global genome 

repair (GGR), as pointed out in Figure 1.2. These two subordinate pathways of NER 

share the same repair mechanism, with a difference in the DNA-damage recognition 

step, which involves a slightly different set of proteins and differ in their biological 

outcome. For instance, TCR make sure that genes are transcribed correctly and 

efficiently, a function that is now known to be vital in defense against aging 

(Andressoo & Hoeijmakers, 2005). As an example, lesions that block RNA 

polymerase II transcription elongation are preferentially repaired by TCR and require 

the CSA, CSB and XAB2 proteins (Nakatsu et al, 2000).  

TCR allows rapid resumption of the vital RNA synthesis and is important for 

lesions that are inefficiently repaired by GGR-NER. GGR-NER operates slower in 

correcting NER lesions, and it protects against mutations in the genome from 

replication of unrepaired lesions that could ultimately lead to cancer (de Boer & 

Hoeijmakers, 2000). The mechanistic difference between TCR and GG-R NER is able 

to explain the clinical features of CS patients, who exhibit progeria features, including 

cachectic dwarfism, retiopathy, microcephaly, ganglial calcification, deafness, neural 

defects and retardation of growth after birth. Notably, there are no reports of cancer 

predisposition in CSA and CSB patients (Rapin et al, 2000), even though it is 

documented that CSA and CSB knockout mice are predisposed to skin cancer if 

exposed to UV radiation (van der Horst et al, 1997; van der Horst et al, 2002). A 

possible reason could be that in humans GGR-NER is more efficient than in rodents, 

even in the complete absence of TCR-NER. 

 

Assembly of the Nucleotide Excision Repair Factors 

The mechanism of assembly of NER factors at or near the site of the lesion has been 

an issue of intense discussions, partly raised by the controversy in the organization of 

global and individual components (Evans et al, 1997b; Guzder et al, 1996; Riedl et al, 

2003; Volker et al, 2001; Wakasugi & Sancar, 1998). Based on in vitro reconstituted 

NER studies (Aboussekhra et al, 1995), it is now well accepted that over 25 proteins 

and their complexes are involved in orchestrating NER reactions, which implies that 
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the total molecular weight of the NER complex when present at the same time could 

be more than 1 MDa. Altogether, the presence of such a large assembly of proteins 

can raise several questions, regarding the specificity of protein-protein interactions, 

rate of lesion demarcation, specificity of lesion binding and removal, and at last, 

dismantling of repair proteins after repair the task is complete. These questions are 

inspired by the presence of other cellular processes involving multiple protein 

complexes as seen in replication, RNA splicing, cellular transport and translation and 

protein degradation (Alberts, 1998; Jentsch & Schlenker, 1995; Nakatsukasa et al, 

2008; Stillman, 1994). 

 

This brings up the question of how the NER proteins move about in the 

crowded cellular environment containing proteins, nucleic acids and sugars (Ellis & 

Minton, 2003). The NER machinery deciphers DNA lesions from the vast pool of 

non-damaged DNA and repairs the damage at a rate of 1250 lesions per minute. The 

whole repair machinery operates by assembly of individual NER proteins at the site of 

the damage, as was confirmed by the measurement of diffusion coefficients of NER 

proteins in non irradiated cells (Houtsmuller et al, 1999). Subsequently, the entry and 

the association of NER proteins at sites of UV damage were dissected (Volker et al, 

Figure 1.2  

General scheme of nucleotide excision repair pathways. 

(Global Genome Repair) and (Transcription-Coupled 
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2001). These results confirmed the biochemical evidence in favor of XPC-HR23B as 

the first proteins to bind to lesions (Volker et al, 2001). The in vivo association of 

Centrin2 with XPC-HR23B, supported the role of heterotrimeric XPC as a stimulator 

of NER reaction (Nishi et al, 2005b). Ultimately, XPC recruits the TFIIH complex to 

lesions (Evans et al, 1997b), which has weak DNA binding activity of its own (Yokoi 

et al, 2000). Tight interaction between XPC and TFIIH is independent of functional 

XPA suggesting that the recruitment of XPA near the lesion occurs after the 

positioning of XPC and TFIIH (Araujo et al, 2001).  

The TFIIH complex is vital for both transcription and repair. Its central part is 

composed of several core proteins (XPB, XPD, p62, p44, p34, p52, p8/TTDA) and a 

cdk activating kinase (CAK) subunit (Mat1, Cdk7, Cyclin H). The CAK subunit of 

TFIIH is essential for transcription, and not for repair. Since the XPC-TFIIH 

interaction is the trigger to the initiate the NER reaction, it is feasible that protein-

protein interactions within the first subunit of TFIIH and XPC stabilizes the initial 

DNA protein complex (Araujo et al, 2001). In addition, TFIIH utilizes the 3’ to 5’ and 

5’ to 3’ ATPase and helicase activity of XPB and XPD to permit the opening of the 

DNA around the lesion (Araujo et al, 2000; Coin et al, 2007). The open complex 

serves as a stage for the arrival of the remaining NER factors, like XPA, RPA, XPG 

and XPF/ERCC1. Although the correct array of proteins on the open complex is still 

an issue of debate, it is known that XPA, RPA, and XPG form a stable pre-incision 

complex. In the last step XPF/ERCC1 joins, where by XPA mediates the protein-

protein interaction with the central domain of ERCC1, enabling a proper positioning 

of XPF/ERCC1 on the 5' region of the precision complex. Now the damaged DNA 

strand undergoes dual incision at 5' and 3' site of the lesion (Bessho et al, 1997; Iyer et 

al, 1996; Tripsianes et al, 2007; Tsodikov et al, 2007). This is then followed by the 

repair synthesis step choreographed by the additional proteins, PCNA, RFC, DNA 

ligase I and the PCNA dependent DNA polymerases   and  (Ogi & Lehmann, 

2006; Shivji et al, 1992; Shivji et al, 1995; Wood et al, 1993) together with RPA, 

XPG and TFIIH (Coin et al, 2008; Thorel et al, 2004).  

 

Role of Structure Specific Endonucleases XPF/ERCC1 in 5’ DNA 

strand incision 

The removal of the DNA lesion requires the action of two endonucleases, XPG and 

XPF/ERCC1, which carry out the dual incisions on the 3' and 5' site of the lesion 

(Bessho et al, 1997; Evans et al, 1997a; Iyer et al, 1996). In mammalian cells 

XPF/ERCC1, is known to exists as a functional heterodimer, and is indispensible for 

genome maintenance, participating in recombination repair (Ahmad et al, 2008), NER  
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(Jaspers et al, 2007a; Niedernhofer et al, 2006; Sijbers et al, 1996a), telomere 

protection (Munoz et al, 2005; Wang & Baumann, 2008; Zhu et al, 2003), crosslink 

repair (Busch et al, 1996; Clingen et al, 2005; Kuraoka et al, 2000b; Niedernhofer et 

al, 2004) and retrotransposons control (Gasior et al, 2008a). The functional 

importance of XPF/ERCC1 heterodimers is implicated in the knockout mutant mice 

phenotype (McWhir et al, 1993; Melton et al, 1998; Tian et al, 2004; Weeda et al, 

1997), which shows signs of severe growth defects, multiple organ failure, and early 

death. This contrasts with UV-specific phenotype of the XPA and XPC knockout 

mice (Melis et al, 2008).  

It is a well accepted dogma in the NER field that XPF and ERCC1 are only 

stable as a heterodimeric complex in cells, since it was observed that detection of 

ERCC1 in XPF deficient cells and vice versa, led to undetectable low levels of the 

partner protein. This suggests that XPF and ERCC1 proteins are unstable in the 

absence of their heterodimeric partner, and formation of functional heterodimers is the 

only way the two proteins are stabilized in cells (de Laat et al, 1999; Houtsmuller et 

al, 1999; Van Vuuren et al, 1993). It appears that the stability of the XPF/ERCC1 

heterodimer is under strict regulation, possibly via the protein degradation machinery, 

or via the conformational instability of the complex (Das et al, 2008; Jaspers et al, 

2007b; Tsodikov et al, 2005). Functional association of these two proteins is also 

crucial to explain clinical features of the first reported human ERCC1 deficient patient 

(Jaspers et al, 2007b). Along with XPF deficiency, mild impairment of NER was 

displayed in this patient (Jaspers et al, 2007a; Kondo et al, 1989; Matsumura et al, 

1998; Sijbers et al, 1998). However, other symptoms in this patient were much more 

severe, including pre and postnatal developmental failure and death in early infancy 

(Jaspers et al, 2007b). These, features are more adverse than any of those reported for 

XPF patients (Kondo et al, 1989; Matsumura et al, 1998). An interesting point, which 

is a highlight of this report, is the location of the mutation present in the C-terminal 

XPF binding domain. It is known that the C-terminal HhH domain of ERCC1 protein 

is the minimal subunit, which facilitates heterodimerization (de Laat et al, 1998c; 

Tripsianes et al, 2005; Tsodikov et al, 2005), and that it mediates DNA binding 

(Tripsianes et al, 2005; Tsodikov et al, 2005). In the structure of the wild type 

complex it can be seen that the mutation is near the interface between both proteins 

and therefore it is likely that the mutation can disturb the heterodimer stability and in 

turn the XPF/ERCC1 nuclease and DNA binding activity (Das et al, 2008; Tripsianes 

et al, 2005; Tsodikov et al, 2005).  

To address the function of wild type XPF/ERCC1 in DNA binding and 

nuclease activity, it is necessary to seek optimal DNA substrates, which mimic the 

NER pre-incision complex (Evans et al, 1997b; Nishino et al, 2006). There exist a 
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variety of DNA substrates designed to mimic ds/ss junctions and to impart regularity 

in the helical DNA structures. Several such substrates have been tested to investigate 

the 5’ endonuclease activity of XPF/ERCC1 heterodimers (de Laat et al, 1998a; 

Tsodikov et al, 2005). Based on the biochemical cleavage reactions, it has been 

suggested that the endonuclease activity of XPF/ERCC1 complexes resides on the 

XPF protein, while the ERCC1 protein is mediator for DNA specificity (Enzlin & 

Scharer, 2002; Gaillard & Wood, 2001; McCutchen-Maloney et al, 1999; Tripsianes 

et al, 2007; Tsodikov et al, 2007). Like many other DNA binding proteins carrying 

HhH domains (Aravind et al, 1999; Ariyoshi et al, 2000; Doherty et al, 1996; Singh et 

al, 2002) the specificity for DNA in XPF/ERCC1 complexes is governed by non-

specific protein-DNA interactions (Doherty et al, 1996; Newman et al, 2005) by the 

highly conserved hairpin residues of ERCC1.These residues are directly participating 

in binding to the phosphate backbone positioning the hairpins in the minor groove of 

double stranded DNA near the ds/ss junction (Tripsianes et al, 2005). We have 

observed single strand DNA binding on the XPF protein, similar to the observations 

of Tsodikov et.al (Tsodikov et al, 2005). As a next step forward we have solved the 

structure of the XPF-single strand DNA complex in chapter 3 of this thesis. Thus, the 

structure of the XPF-ssDNA complex, not only supports the role of XPF protein in 

single strand DNA binding but links previous structural and biochemical work, 

permitting a new description of 5’ incision step controlled by human XPF/ERCC1 

heterodimers in the repair of NER substrates. 

 

XPF in archaea and human 

The XPF/MUS81/RAD1 are structure specific enzymes, which exist in archaeal and 

eukaryal kingdoms and are not found in prokaryotes (Ciccia et al, 2008), as shown in 

Figures (1.3-1.4). The XPF homologs in archaeal Pyrococcs furious and Aeropyrum 

pernix are Hef and ApXPF, which both function as homodimers (Ciccia et al, 2008). 

Though the in vivo function of the archaeal Hef protein is unknown, in vitro 

biochemical studies revealed that Hef shows endonuclease activity on flap and fork 

DNA structures. In addition, the complex with the nuclease and HhH domains of the 

archaeal Hef protein has been biochemically well characterized and its structure has 

been determined. These data show the domain organization and the protein-protein 

interactions involved in the homodimer formation. Notably, two copies of the 

nuclease domain dimerize independent of the two HhH domains and vice-versa.  
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However, for the endonuclease activity two copies of the HhH domains and a 

single active nuclease domain are sufficient. As the structure of the Hef homodimers 

bound to the DNA is unknown, detailed structural insight on DNA recognition is 

lacking. However, structural studies on the archaeal Aeropyrum pernix XPF protein 

provide information on this. Structures of the ApXPF protein free and bound to ds 

DNA demonstrate that homodimers of the ApXPF protein fold similarly as Hef 

protein. The nuclease and the HhH domains of ApXPF bind dsDNA as homodimers 

Figure 1.4C, with a domain organization comparable to the free ApXPF protein. In 

contrast to archaeal XPF protein, in mammalian cells the XPF protein forms a 

heterodimeric complex with ERCC1, and this heterodimer, the structure of which is 

depicted in Figure 1.4A, is essential for the viability of the cells.  

We have found however that the C-terminal domain of XPF can also form 

homodimers, as shown in Figure 1.4B (Chapter 2). This brings up a discussion on the 

intrinsic stability of the individual XPF and ERCC1 proteins. It is known that in 

mammalian cells the separate XPF and ERCC1 proteins are unstable in the absence of 

their interacting partner (Bessho et al, 1997; de Laat et al, 1998c; Gaillard & Wood, 

2001; Sijbers et al, 1996b). Notably, in cells that lack XPF protein, a low content of 

ERCC1 protein is found despite normal levels of ERCC1 mRNA (Yagi et al, 1998a). 

Chinese hamster mutant cell lines that are defective in ERCC1 protein also contain a 

marginal amount of XPF protein (Gaillard & Wood, 2001). Altogether, a large body 

of evidence indicates that the full XPF/ERCC1 is an obligate heterodimer critical for 

in vivo functional activities (Biggerstaff et al, 1993; Gaillard & Wood, 2001; Sijbers 

et al, 1996a; Van Vuuren et al, 1993).  

From these results, all the past and present biochemical findings can be 

explained with minor disputes (Busch et al, 1997; Das et al, 2008; Gaillard & Wood, 

2001; Sijbers et al, 1996a; Yagi et al, 1998b; Yagi et al, 1997). In contrast to archaeal 

Figure 1.3  

Primary structural comparison of the conserved 5’ 

endonucleases found in archaea and human.  
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XPF proteins, which are homodimers, the members of the mammalian 

XPF/RAD1/Mus81 family are functional and stable heterodimers (Ciccia et al, 2008). 

Though in mammalian cells XPF homodimers have never been detected, in in vitro 

experiments the C-terminal domains of the XPF form stable homodimers in solution 

(Choi et al, 2005; Das et al, 2008). In Chapter 2 we compare the stability of these C-

terminal XPF homodimers with the C-terminal XPF/ERCC1 heterodimers using 

various biophysical experiments. We find that the C-terminal XPF homodimers are 

significantly more stable than XPF/ERCC1 both in temperature and denaturant 

induced unfolding, as well as in (H/D) amide proton exchange studies. When we 

compare the structures of the XPF homodimers with those of the XPF/ERCC1 

heterodimers, we find that the XPF homodimers have a larger protein-protein 

interaction interface, more hydrogen bonds and presence of aromatic stacking 

interactions, which are absent in the structure of the XPF/ERCC1 heterodimer. This 

accounts for the observed high stability of the XPF homodimers. 

 

Structural overview of XPF and XPF/ERCC1 

Several independent structural reports by others and us on the human XPF/ERCC1 

heterodimeric complex are now available (Ciccia et al, 2008; Tripsianes et al, 2005; 

Tripsianes et al, 2007; Tsodikov et al, 2005; Tsodikov et al, 2007). Thus, for the first 

time it is possible to understand the atomic interactions that orchestrate the stability 

and the function of the XPF/ERCC1 heterodimer on the 5’ positioned nicking step of 

the mammalian nucleotide excision repair. Most of the structural work support the 

biochemical findings of de Laat et al. (de Laat et al, 1998a; de Laat et al, 1998b; de 

Laat et al, 1999; de Laat et al, 1998c) and McCutchen-Maloney et al. (McCutchen-

Maloney et al, 1999). De Laat generated deletion constructs of the human XPF and 

ERCC1 proteins, in an attempt to identify the parts of XPF/ERCC1 involved in 

heterodimer formation (de Laat et al, 1998c). He found that crucial parts for the 

interaction between XPF and ERCC1 is localized to C-terminal parts of XPF (residue 

814-905) and of ERCC1 (residues 294-297). Interestingly, he also reported that the 

ERCC1 protein lacking phenylalanine 293 is unable to bind XPF, demonstrating a 

direct role of this phenylalanine in the heterodimer stability. His findings can explain 

the in vivo and in vitro function of the heterodimeric XPF/ERCC1 complex and is 

also supported by the structural data (Tripsianes et al, 2005). 

In 2001 Galliard et al.(Gaillard & Wood, 2001), noted that the XPF and 

ERCC1 gene product are biochemically connected as cells deficient in XPF and 

ERCC1 do not complement each other, which confirmed earlier findings of the 1990's 

(Biggerstaff et al, 1993; Van Vuuren et al, 1993). They also suggested the 
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phenomenon of mutual interdependence for producing functional heterodimers, when 

the two proteins or their domains are co-expressed (Gaillard & Wood, 2001). In 

another study the same authors observed a high degree of sequence similarity between 

the C-terminal half of the archaeal DNA repair enzymes and C-terminal half of both 

XPF and ERCC1 proteins (Sgouros et al, 1999). This lead them to propose an 

evolutionary link between the human XPF and ERCC1 via ancient gene duplication 

step (Gaillard & Wood, 2001). This hypothesis was further extended from the human 

to archaea with the discovery of several archaeal structure specific enzymes, which 

are similar to the mammalian XPF endonucleases (Ishino et al, 2006; Nishino & 

Morikawa, 2002). The structural and biochemical work of Nishino et al. (Nishino et 

al, 2003; Nishino et al, 2005) and Newman et al. (Newman et al, 2005) revealed that 

the archaeal XPF endonucleases exist as a homodimers. The X-ray structures of the 

archaeal XPF enzymes, depicted in Figure 1.4C, showed that in addition to the HhH 

domain also the nuclease domain could contribute to dimerization and protein 

stability and in DNA binding.  

The structure of the Ap-XPF bound to the dsDNA reveals how non-sequence 

specific double strand DNA binding is accomplished by the two conserved hairpins of 

the archaeal XPF homodimer. Interestingly, the first G-I-G hairpin motif binds two 

backbone phosphates of one DNA strand and the second G-I-G hairpin binds two 

phosphates of the opposite strand. Several positively charged residues adjacent to the 

hairpins also contribute in binding to the minor grove.  

The nuclease domain of the archaeal XPF contains the catalytic motif 

GDXnERKX3D, which is essential for DNA binding and cutting. The presence of 

active site GDXnERKX3D motif is related to both prokaryotic and human XPF 

endonucleases (Sgouros et al, 1999). Notably, in the human XPF/ERCC1 complex the 

nuclease domain of XPF retains the active ERKX3D residues. However, the central 

domain of ERCC1 is non-catalytic. Although this domain shows structural homology 

with the nuclease domain of archaeal XPF, functional study reveals a distinct function 

for the ERCC1 central domain by interacting with XPA peptide (Tripsianes et al, 

2007; Tsodikov et al, 2007). This additional function of the ERCC1 central domain 

might dictate an obligate XPF/ERCC1 heterodimer in vivo.  

Structures of XPF and ERCC1 HhH domains 

For the functional activity and in vivo stability the heterodimeric makeup between 

XPF and ERCC1 is essential. As the XP group F cells, that lack functional XPF 

protein, low content of ERCC1 protein is found despite normal levels of ERCC1 

mRNA (Yagi et al, 1998a; Yagi et al, 1998b). The expression level of ERCC1 protein 

can be increased in XPF cells by overexpression of the wild type XPF (Yagi et al, 
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1998b). In vitro refolding experiments carried out by Choi et al. (Choi et al, 2005) and 

independently by Tripsianes et al. (Tripsianes et al, 2005) by using isolated domains 

of the XPF and ERCC1 protein demonstrated that the HhH domain of XPF act as a 

scaffold for correct folding of ERCC1 HhH domain, as the ERCC1 HhH domain 

aggregates when expressed in isolation (Tripsianes et al, 2005). However, it is found 

by us (Das et al, 2008) and Choi et al. (Choi et al, 2005) that the XPF HhH domains 

can also form stable homodimers Using 15N labeled and unlabeled subunits of XPF 

and ERCC1 proteins and by combining NMR cross saturation technology Choi et al. 

successfully mapped the residues located in the interaction interface of XPF/ERCC1 

heterodimer and XPF homodimers (Choi et al, 2005).  

 

Figure 1.4  

Structures of the XPF protein found in human and archaea. (A) Structure of the C-

terminal HhH domains of the XPF/ERCC1 heterodimer. ERCC1 is colored yellow 

and XPF deep blue. The structure depicts the presence of pseudo-2 fold symmetry 

axis and the overall fold similarity between XPF and ERCC1 proteins. (B) Structure 

of the C-terminal HhH domains of the human XPF homodimers. (C) The archaeal 

XPF homodimer (Ap-XPF) bound to the double strand DNA. XPF protein is colored 

green and dsDNA orange. (D) The structure of the XPF the single strand DNA 

complex. The protein is colored deep blue and the DNA phosphate backbone is 

colored light gray. Most DNA bases stacked away from the protein surface, while 

Gua5 is flipped into the protein pocket. 
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The structure of the XPF/ERCC1 heterodimer was determined independently 

by X-ray crystallography and NMR spectroscopy by Tsodikov (Tsodikov et al, 2005) 

and Tripsianes (Tripsianes et al, 2005), respectively. The two structural models are 

highly similar, and show that in the heterodimer the XPF and ERCC1 HhH domains 

are related by a pseudo-2-fold symmetry axis, as shown in Figure 1.4A. The interface 

of XPF and ERCC1 shows a large hydrophobic interaction surface. Two 

phenylalanine residues each from XPF and ERCC1 (XPF Phe894 and ERCC1 

Phe293) that occupy ~500 Å of interaction surface (Tripsianes et al, 2005) serve as 

anchors to maintain the heterodimer integrity.  

The NMR perturbation study by us identify the role of ERCC1 residues 

located in the HhH domain in dsDNA binding. These ERCC1 residues are 

homologous to residues present in the RuvA, DNA ligase and ApXPF enzymes 

(Tripsianes et al, 2005). Tsodikov et al. reported that the HhH domains of XPF and 

ERCC1 proteins bind to ssDNA. Both these studies when combined can explain the 

preferential ss/ds junction DNA binding by the human XPF/ERCC1 complex. In 

accordance with the suggestion of Tsodikov et al. we have determined the solution 

structure of the XPF HhH domain bound to the 10nt single strand DNA sequence, 

shown in Figure 1.4 D (Chapter 3). We suggest that a single amino acid loss from the 

second hairpin in XPF is responsible for its single strand DNA preference. Based on 

this finding we propose a model that shows how XPF/ERCC1 heterodimers binds to 

the ss/ds DNA junction (Chapter 3).  

 

Single Strand DNA binding motifs in DNA processing 

Proteins that bind single strand DNA are found both in prokaryotes and eukaryotes. 

All single strand DNA binding proteins are essential for a variety of DNA functions 

like replication recombination and repair. Structures of several proteins bound to 

single strand DNA have been solved by X-ray crystallography (Kerr et al, 2003; 

Shamoo et al, 1995) and NMR spectroscopy (Braddock et al, 2002a; Braddock et al, 

2002b).   

The human RPA is a multidomain SSB (single strand DNA binding) protein 

highly conserved in eukaryotes. Its largest subunit RPA70 binds to 8 nucleotide 

ssDNA utilizing the four OB-fold structure elements as shown in Figure 1.5A. 

Notably, its ssDNA binding is facilitated by the presence of two conserved aromatic 

phenylalanine residues F238 and F269, which stack with the DNA bases in the 

RPA70-ssDNA structure (Bochkarev et al, 1997). Similar to RPA70, the N-terminal 

OB fold domain of the BRCA2 protein binds to ssDNA by making use of the stacked 

aromatic residues F2939 and W2909 (Yang et al, 2002). Interestingly, the structure of 
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the POT1 protein bound to telomere ssDNA underscores the sequence specific 

interactions necessary for telomere end protection and telomere length control (Lei et 

al, 2004). The structure of the POT1-ssDNA complex is shown in Figure 1.5B. The 

structure reveals that POT1 make use of two OB fold domains for chromosome end 

capping. The N-terminal OB domain bind to first six nucleotides of the 5’-

TTAGGGTTAG sequence, and the second OB fold protects the 3’end of the ssDNA. 

Together, these results confirm that proteins carrying OB fold domains are able to 

bind single strand DNA. A structurally related single strand DNA binding protein is 

PC4, which can also bind to dsDNA (Brandsen et al, 1997; Werten et al, 1998a; 

Werten et al, 1998b). The C-terminal domain of the PC4 protein is a symmetrical 

homodimer with two symmetrical  channels running in opposite direction (Brandsen 

et al, 1997). NMR studies on PC4 C-terminal domain reveal the ssDNA binding 

surface (Werten et al, 1999). It contains two positively charged residues Lys78 and 

Lys80 and an aromatic residue Phe77 (Werten et al, 1998b). This mode of binding is 

reminiscent of the two RPA subunits, where the corresponding  strands and the 

connecting loop beta4'–beta5’ are seen to bind ssDNA through stacking of the 

aromatic residue Phe269 (A) or Phe386 (B) onto a DNA base (Bochkarev et al, 1997). 

The structure of PC4 homodimer bound to ssDNA has been determined by X-ray 

crystallography (Werten & Moras, 2006). The structure reveals two ssDNA molecules 

are related by the pseudo two-fold symmetry of the protein binding sites. Importantly, 

each PC4 monomer cooperates in the binding to the two-ssDNA regions making use 

of the conserved Arg86 side chain, promoting high-affinity binding of PC4 

homodimer to the complementary strands of the unwinding duplex DNA. The far 

upstream element (FUSE) binding protein (FBP) modulates the c-myc transcription 

binds to single-stranded nucleic acid sequences by KH domains (Braddock et al, 

2002b). The solution structure of the FBP KH domains bound to a 29 single strand 

DNA reveals that both KH3 and KH4 domains are essential to recognize single strand 

DNA (Braddock et al, 2002b). Importantly, KH4 domain is bound to the 5’ ATTC 

and the KH3 domain is bound to the 3’ TTTT while each binding site consists of 9-10 

bases in length and both sites are separated by five bases (Braddock et al, 2002b), as 

shown in Figure 1.6 A and B. The NMR structure of a complex between the KH3 

domain of the hNRNP protein and a 10nt ssDNA was determined by Braddock et al. 

(Braddock et al, 2002a) is shown in Figure 1.6C. They found that the KH3 domain 

specifically recognizes a tetrad sequence 5’ d-TCCC and the complex is stabilized by 

a series of hydrogen bond involving the methyl groups of three isoleucines. 
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We have determined the solution structure of the human XPF protein in 

complex with 10 nucleotides single strand DNA. We find that a stretch of five bases 

5’ GTGGC binds to the XPF protein surface in an extended chain like right handed 

conformation as seen also in the hNRNP-10ntssDNA complex (Braddock et al, 

2002a). Remarkably, DNA bases are pointing away and the phosphate groups towards 

the positively charged protein surface. Interestingly, we observe a preformed 

nucleotide-binding pocket on the XPF protein surface, which accommodates the 

flipped Gua5. The presence of such a preformed nucleotide binding pocket is also 

reported for the APE1 enzyme, which detects and harbours a flipped nucleotide (Mol 

et al, 2000). 

 

Figure 1.5  

Structures of the OB fold domains in complex with Single strand DNA. (A) 

Structure of the human RPA70 subunit bound to a single strand DNA. The protein 

is colored marine blue and DNA green. Single strand DNA adopts an extended 

conformation binding both N and C-terminal OB fold subunits. DNA bases are 

stacked with the hydrophobic aromatic protein residues. (B) Structure of the 

human POT1-ssDNA complex. The protein is colored marine blue and DNA is 

green. The interaction involves binding of N-terminal OB fold domain to six 

nucleotides 5’-TTAGGGTAG, and the second OB protecting the 3’ end. The 

structure provides an atomic insight into chromosome end-capping 
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We have biochemically characterized the single strand DNA binding activity 

of the human XPF complexes on various DNA probes containing single strand DNA 

regions. We find that HhH domains of the XPF homodimers have better DNA binding 

ability than the XPF/ERCC1 heterodimers. We therefore used the XPF homodimers 

to understand the single strand DNA binding activity of the XPF protein in the 

XPF/ERCC1 heterodimers, which by itself has a higher selectivity on ss/ds DNA 

junctions as compared to either ss and/or dsDNA. Our biochemical, mutational and 

NMR study confirm that XPF protein in the heterodimer can bind to single strand 

DNA using the same interaction surface as it does in the XPF homodimers. Therefore 

we suggest that the combined action of both ERCC1 and XPF proteins is necessary to 

recognize and process ss/ds DNA junction substrates. 

 

 

Figure 1.6  

NMR structures of the complexes of the KH domain with single strand DNA. (A) 

KH4 domain of the FBP protein bound to the single strand DNA. KH4 domain is 

shown in red color and DNA is colored green. KH4 domain binds to specific 

nucleotides ATTC at the 5’ end. (B) KH3 domain of the FBP protein bound to the 

single strand DNA at the 3’-TTTT nucleotides. (C) KH3 domain of the hNRNP 

protein in complex with 10nt single strand DNA. KH3 domain is colored red and 

DNA is colored green. KH3 domain recognizes a tetrad sequence 5’-TCCC. 
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NMR Spectroscopy: A tool for studying Biomolecular Structure and 

Dynamics 

The detection of the nuclear magnetic moment of spins was pioneered by Rabi in 

1938, by using a molecular beam in vacuum (Rabi et al, 1939; Rabi et al, 1938). He 

was awarded the Nobel prize for Physics in 1944. NMR spectroscopy was 

independently and simultaneously developed by Purcell at Harvard University 

(Purcell et al, 1946) and by Bloch at Standford University (Bloch et al, 1946), for 

which they were awarded the Noble prize. Since then NMR spectroscopy is known to 

have far reaching applications in almost every branch of fundamental science and 

medicine. The applicability and popularity of this method has been promoted by 

several Nobel prize winners such as Ernst (1991), Wüthrich (2003), Mansfield and 

Lauterbur (2005).  

The elementary concept of NMR is the spin property of the nuclei associated 

with a magnetic moment, which when placed in the magnetic field give rise to non - 

degenerate energy levels, the  and  states. At thermal equilibrium the nuclear spin 

population difference between these two states is given by Boltzman equation 

(Cavanagh et al, 1996; Ernst et al, 1987). If an oscillating radiofrequency field is 

applied perpendicular to the static magnetic field, a resonant absorption of energy 

occurs whenever the frequency of this radiation equals the energy difference between 

the levels. As the energy difference is small, this dictates the inherent low sensitivity 

of NMR technique. Importantly, the energy difference between any two energy levels 

in the non-interacting nuclei is proportional to the applied magnetic field B0 and the 

proportionality constant is known as gyromagnetic ratio ( ), a property of individual 

nuclei. Interestingly, the frequency with which the on-resonance nuclei rotate is 

modified by the electron cloud of itself and surrounding nuclei, due to precession of 

electrons under the influence of the applied magnetic field. The resulting spectrum 

provides an atomic description of the chemical environment around the nuclei. NMR 

experiments are performed in two realms: liquid state and solid state. Liquid state 

NMR has always been a major choice among the experimentalist, because of its 

theoretical and experimental simplicity and a wide range of applicability in chemistry, 

biology and medicine. On the other hand, solid state NMR, despite many hurdles, 

such as extreme line broadening from dipolar couplings and reduced sensitivity and 

resolution compared to liquid state NMR, is continuously developing and has now 

become an important tool to address several interesting biological questions, which 

doesn’t involve problems of size limitation, spectral complexity and requirement for 

solubility (Ader et al, 2008; Castellani et al, 2002). 
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Structure Determination of Proteins and Protein-Nucleic acid 

complexes by NMR 

A primary method for structure determination of large complexes of proteins and 

nucleic acids is X-ray crystallography. However, this requires crystallization. High 

resolution NMR spectroscopy can study structure and dynamics of macromolecules as 

well. The advantage is that this can be in solution, but the method provides only 

atomic detail information for relatively small complexes. 

An elementary step to characterize the spatial structures of biological 

macromolecules at atomic resolution and to obtain a dynamic map of macromolecules 

at variable timescales is the resonance assignment of individual atoms (Oschkinat et 

al, 1988; Wuthrich, 1986). In order to establish the assignment of thousands of atoms 

present in a macromolecules the first step is to collect high resolution spectral data on 

isotopically labeled or unlabeled macromolecules, which are produced using 

recombinant DNA technology (Furtig et al, 2003; Sattler et al, 1999; Takeda et al, 

2007; Takeuchi & Wagner, 2006; Walters et al, 1997; Wijmenga & van Buuren, 

1998; Zidek et al, 2001). A series of complementary multidimensional NMR 

experiments have been designed and programmed for high resolution spectrometers 

and are routinely used for a full data collection. Most of these experiments are well 

documented in several text books (Cavanagh et al, 1996; Ernst et al, 1987; Wuthrich, 

1986) and review articles (Sattler et al, 1999; Wijmenga & van Buuren, 1998). As 

soon as a sufficient amount of experimental data is available, the tedious and daunting 

task of spin system identification starts, which involves atom-by-atom assignment of 

amino acids and nucleotides. Figure 1.7 describes the general resonance assignment 

strategy used for the nucleic acid molecules. To date, several manual and automatic 

procedure have been developed which make use of chemical structures and 

connectivity pattern of amino acids and nucleic acids (Cavanagh et al, 1996; Furtig et 

al, 2003; Walters et al, 1997; Wijmenga & van Buuren, 1998; Wuthrich, 1986).  

It is well recognized that protein interactions are responsible for a wide range 

of biological functions. To understand the role of gene regulatory and DNA repair 

proteins we determine their structures in complex with nucleic acids. However, 

several experimental challenges are inherent in the structural studies of 

macromolecules in solution. For example, lack of experimental distance restraints, 

intrinsic flexibility within the residues, which can cause line broadening of desired 

NMR signals. Challenge is to determine the structure of proteins, which are 

unstructured or exist in transient complexes with a multitude of proteins. This occurs 

often in vivo and has to be taken into account when isolated proteins or their domains 

are used for structural studies under in vitro conditions. 
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For instance, in functional states protein complexes are often highly dynamic. 

The presence of structural plasticity and internal dynamics at a hotspot functional site 

are important for regulatory functions, which cannot be fully addressed by the static 

picture. NMR spectroscopy can reveal this valuable information, thereby 

complementing the structural view of X-ray crystallography. 

Several NMR strategies exist to study macromolecular complexes in real time. 

In particular development of photo-CIDNP in late 1970s (Garssen et al, 1978; Kaptein 

et al, 1978), reintroduction of DNP technology (Grucker et al, 1995; Hall et al, 1997), 

paramagnetic spin labels and paramagnetic metal induced relaxation enhancement 

approaches (Clore et al, 2007) and development of fast NMR methodology (Freeman 

& Kupce, 2003) are some popular NMR research topics. Latest is the development of 

RDC based methods (Tjandra & Bax, 1997; Zhang et al, 2008), which allow the 

position and orientation of the multidomain proteins with respect to each other or in 

close proximity to a nucleic acid in protein-nucleic acid complexes (Clore et al, 

2007). Similarly, paramagnetic relaxation enhanced distance restraints can be 

combined with RDC restraints for structure determination protocols for various 

protein-protein, nucleic acid (Bryce et al, 2004) and protein-nucleic acid complexes 

(Kopke Salinas et al, 2005; Tjandra et al, 1997). As the PRE (Paramagnetic 

Relaxation Enhancement) increases the relaxation rates of NMR resonances in the 

Figure 1.7  

Sequential and intra base assignment of nucleic acid protons. a general 

method for nucleic acid identification. Representation of the 10 

nucleotides DNA sequence (CAGTGGACTGA) as an example. 
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vicinity of the unpaired electrons in proportion to the inverse sixth power of the 

distance between the label and the reporter nucleus and generates distance dependent 

line-broadening and provides quantitative restraints up to 25 Å as compared to the 5-6 

Å range normally covered by NOEs (Clore et al, 2007; Gillespie & Shortle, 1997; 

Lietzow et al, 2002). 

 

Solution structure calculation of macromolecules 

After the data collection there follow structure calculations (Oschkinat et al, 1988). 

Since at this stage the chemical shifts of all the nuclei are known, it is just a matter of 

automating the structure calculation step using a set of NOESY spectra (Kumar et al, 

1980; Sattler et al, 1999), which contain through space, short range sequential, 

medium and long range distance information (Altieri & Byrd, 2004; Guntert, 2003), 

as shown in figure (1.8). Because of uncertainties in the relation between NOE peak 

intensities and distances, usually distance ranges eg (short range1.8-2.7 Å, medium 

range 1.8-3.3 Å and long range 1.8-5.0 Å) are used as restraints in structure 

calculations (Kumar et al, 1980; Neuhaus & Williamson, 1989). To account for high 

quality structure determination additional restraints can be used.  

 

These are dihedral (Cornilescu et al, 1999; Wishart & Sykes, 1994), hydrogen 

bonds (Grzesiek et al, 2004), pseudo contact shifts (Gaponenko et al, 2004) and 

Figure 1.8 

A general scheme of automated combined NOESY 

assignment and structure calculation. 
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orientationalrestraints (Prestegard et al, 2004), derived from conventional NMR 

parameters, such as scalar couplings, amide proton exchange rates, and from residual 

dipolar couplings (Altieri & Byrd, 2004; Prestegard et al, 2004). Using a larger set of 

experimental derived restraints and better refinement tools, ultimately it is possible to 

calculate high quality NMR structures (Nabuurs et al, 2004; Spronk et al, 2004).  

 

Protein Dynamics 

For many cellular functions of proteins in an organism both structural and dynamical 

properties are important. Therefore, to understand how a protein functions in a cell, it 

is crucial to understand both structure and dynamics of proteins and their complexes. 

Cellular processes like protein folding, catalysis, molecular recognition and signal 

transduction require the presence of intrinsic molecular motions over an entire protein 

molecule. Also, these molecular motions cover a large array of time scales figure 

(1.9), which can be measured with a variety of techniques to extract biological and 

physical features of proteins (Arrington & Robertson, 2000; Bai, 2006; Bai et al, 

1995; Cavanagh et al, 1996; Sprangers & Kay, 2007). NMR spectroscopy is one of 

the most versatile spectroscopic tools suited to study the intrinsic motions in proteins 

over a wide range of timescales ranging from picoseconds to seconds (Cavanagh et al, 

1996; Henzler-Wildman & Kern, 2007; Henzler-Wildman et al, 2007a; Henzler-

Wildman et al, 2007b; Palmer et al, 2001; Peng & Wagner, 1995). A variety of NMR 

experiments measure observables in a protein structure, especially chemical shift, 

scalar and dipolar couplings, amide proton exchange rates and spin relaxation rate 

constants, which routinely provide information about backbone, sidechain and 

conformational dynamics through well established tools (Englander et al, 2007; 

Fischer et al, 1998; Krishna & Englander, 2007; Luginbuhl & Wuthrich, 2002; 

Sprangers & Kay, 2007). Below I discuss different NMR experiments and parameters, 

which are commonly in use to study intrinsic motions of proteins in solution (Palmer, 

2001). 

 

Amide Proton Exchange (H/D) 

Precise measurements of amide proton exchange rates in proteins provide useful 

information about the global stability and the dynamics of local structural fluctuations 

(Das et al, 2008; Salinas et al, 2006). Slow exchange rates of amide proton is 

measured by following the loss of amide proton signal intensity of a protein dissolved 

in D2O, and provide information about the relative solvent accessibility of various 

components of protein secondary and tertiary structure (Legge et al, 2000). 
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 Amide proton exchange in proteins is generally explained by a two-state 

model, as described as follows (Bai et al, 1995; Englander et al, 1996a) 

 

 
According to this model each slowly exchanging NH participates in 

equilibrium between a closed conformation, NH (closed), from which exchange 

cannot occur, and an open solvent exposed state, NH (open). The rate constants for 

interconversion between closed and open states are given as kop and kcl, respectively. 

From the NH (open) state the exchange can occur at the intrinsic rate constant kint, 

depending on the pH of the medium (Bai et al, 1993; Connelly et al, 1993). 

Two limiting cases are possible depending on the relative magnitude of kcl and 

kint. When kint >> kcl, the observed exchange rate is kobs = kop. This rate limiting case 

is referred to as EX1 exchange. In this case amide proton exchange occurs with each 

opening event. EX1 conditions are favored at temperature above 303 K and pH > 9.5. 

Under this conditions exchange life times (minutes-days) can be monitored by 

following the exchange of amide protons with D2O. An example of amide proton 

exchange under EX1 limit was demonstrated on the Lac repressor headpiece bound to 

Figure 1.9  

Overview of protein dynamics on different time scales and experimental 

methods that can detect fluctuations on each timescale. 
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the operator DNA sequence. At a high pH 10 still very slow NH exchange rates were 

measured in the stable protein-DNA complex. It was noted that the backbone amide 

protons in the recognition helix exchange with the solvent in one cooperative event 

(Salinas et al, 2006). Furthermore, the information about the solvent exchange 

protection factors at various sites in the protein-DNA complex reflected the rigidity of 

the native state structure compared to the free protein structure. The second limiting 

case known as EX2 exchange, occurs when kcl >> kint. Thus we obtain:  

                                   kobs = kop (kint)/( kcl) 

 At EX2 limit the amide protons can interconvert between open and closed 

state numerous times prior to exchange (Englander et al, 1996b; Huyghues-

Despointes et al, 2001). Mostly, the EX2 limit applies at neutral or acidic pH 

conditions resulting in the exchange of individual amide proton in a uncorrelated 

manner. We have performed amide proton exchange studies on the human XPF 

complexes under EX2 limit, with the aim to understand the stability of XPF homo and 

hetero dimeric complexes in detail (Das et al, 2008). The measured exchange rates 

and the protection factors suggested a large difference in the conformational stability 

of the XPF homo and heterodimeric complexes. The H/D exchange for XPF/ERCC1 

is at least 100 times faster than for XPF homodimers, supporting higher stability of 

XPF homodimers (Das et al, 2008). 

 

Heteronuclear Relaxation rates and Heteronuclear NOEs 

The idea of using heteronuclear relaxation rates for obtaining dynamic properties of 

macromolecules was illustrated by Allerhand et al who measured the 13C relaxation 

times of carbonyl and aliphatic carbons at natural abundance in ribonuclease A in 

solution (Allerhand et al, 1971). Later on, using natural abundance 15N NMR 

relaxation, the dynamic nature of cyclic decapeptide gramicidin S was reported by 

Hawkes and co-workers (Hawkes et al, 1975). Several other studies were performed 

in the late 1980s using 1D and 2D NMR using an indirect detection scheme to 

measure the properties of insensitive nuclei (Nirmala & Wagner, 1988; Nirmala & 

Wagner, 1989). Nuclear spin relaxation experiments in solutions of uniformly 15N 

labeled proteins are a popular approach for studying global protein motions and 

internal protein backbone mobility. Thereby, measurements of the longitudinal and 

transverse relaxation times, T1 (
15N) and T2 (

15N), and the heteronuclear 15N-1H NOEs 

can be combined within a model free approach to study protein dynamics, stability 

and function (Henzler-Wildman & Kern, 2007; Henzler-Wildman et al, 2007a). As T1, 

T2 and NOE depend on how fast the NH vectors, with two (N, H) atoms tumble in 

solution. In case of a rigid protein that tumbles isotopically all T1, T2, and NOE are 
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identical for all residues. In case of anisotropic molecules the T1, T2 and NOE value 

depend on the orientation of the NH bond vector in the rotational diffusion tensor. In 

many cases one notices on top of this additional internal motions of the molecule with 

significant deviations in T1, T2 and NOE in the N- and C-terminal parts of proteins or 

in internal loops. In that case full analysis of the 15N relaxation data gives a timescale 

of the internal motions. For example, analysis of 15N R1 = 1/T1 values provide 

information about internal dynamics, with a frequency occurring approximately 

between 1012 to 108 Hz while R2 = 1/T2 values are mainly sensitive to dynamics on the 

microsecond to millisecond time scales. The 1H-15N NOE value is most sensitive to 

backbone dynamics for proteins with a global correlation time on the nanosecond time 

scale. NOE values near 1.0 indicate a complete lack of higher frequency backbone 

motions, and values below 1.0 or negative reveal a local flexibility of the polypeptide 

chain. Hence, measuring the heteronuclear relaxation rates, it is possible to obtain 

information over large motional regime.  

We have measured and analyzed 15N R1, R2 relaxation rates and heteronuclear 

NOE using well-described methods (Cavanagh et al, 1996; Palmer & Massi, 2006). 

Our goal was to provide an explanation for the observed differences in the stability of 

the XPF homo and heterodimeric complexes, as noticed in HD exchange and 

unfolding studies (Das et al, 2008). Measured R2
 rates of amide protons at the 

interface of XPF/ERCC1 heterodimers were lower than XPF homodimers, which is in 

agreement with reduced stability of XPF/ERCC1 heterodimers (Das et al, 2008). 

 

Scope of the thesis 

A major focus of this thesis is to understand the protein-protein and protein-DNA 

complexes of the C-terminal domains of the human XPF and ERCC1 proteins by 

NMR spectroscopy. My goal was to address in vitro stability and function of the XPF 

homo and heterodimeric complexes. Chapter 1 provides a concise introduction on the 

cellular factors of NER, a conserved and versatile DNA repair pathway. In addition, I 

discuss some conventional solution NMR methods to study the protein-protein and 

protein DNA complexes.  

In chapter 2, I have compared the in vitro stability of the XPF homodimers 

with that of XPF/ERCC1 heterodimers. We find that XPF homodimers were 

significantly more stable than XPF/ERCC1 heterodimers. The observed differences in 

the stability can be explained by the presence of a larger protein-protein interface, 

more hydrogen bonds and additional aromatic stacking interactions found in the 

structure of XPF homodimers as compared to the structure of XPF/ERCC1 

heterodimers. In chapter 3, I have determined the structure of the complex of the XPF 
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helix-hairpin-helix (HhH) domains bound to 10nt single strand DNA. In agreement 

with the findings of Tsodikov et al. that suggested the role of XPF HhH domain in 

single strand DNA binding. I noted that the positively charged surface of the XPF 

interacts with the phosphate backbone of the single strand DNA. Furthermore, one of 

the nucleotide Gua5 flips out and binds in a cavity formed by residues from the 

conserved first HhH motif and non-canonical second HhH motif. Based on the 

structural findings, I have proposed a model to explain the binding of XPF/ERCC1 

heterodimer at the ss/ds DNA junction. Finally, in chapter 4 I make use of high 

affinity DNA binding by the double HhH domains of XPF homodimers to understand 

the substrate specificity of XPF/ERCC1 heterodimers. First, we demonstrate in 

biochemical assays that the HhH domain of the homodimeric XPF can bind 

cooperatively to ssDNA and to structure specific DNA substrates like fork, bubble 

and Holliday Junctions. Next we show by NMR spectroscopy that in XPF/ERCC1 

heterodimers the XPF HhH domains can bind single strand DNA using the same 

charged surface as found for XPF homodimers. Also the XPF that was mutated at the 

residues identified by NMR showed reduced DNA binding activity. Present DNA 

binding study with the wild type and mutant XPF HhH domains complement the 

structural findings of Chapter 3. In conclusion, now I have a model to understand how 

XPF/ERCC1 binds at the ss/ds DNA junction.  
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Abstract 

The human XPF-ERCC1 protein complex plays an essential role in nucleotide 

excision repair, by catalysing positioned nicking of a DNA strand at the 5’ side of the 

damage. We have recently solved the structure of the heterodimeric complex of the C-

terminal domains of XPF and ERCC1 (Tripsianes et al, 2005, Structure 13, 1849-

1858). We found that this complex comprises a pseudo two-fold symmetry axis and 

that the helix-hairpin-helix motif of ERCC1 is required for DNA binding, whereas the 

corresponding domain of XPF is functioning as a scaffold for complex formation with 

ERCC1. Despite the functional importance of heterodimerization, the C-terminal 

domain of XPF can also form homodimers in vitro. We here compare the stabilities of 

homodimeric and heterodimeric complexes of the C-terminal domains of XPF and 

ERCC1. The higher stability of the XPF HhH complexes under various experimental 

conditions, determined using CD and NMR spectroscopy and mass spectrometry, is 

well explained by the structural differences that exist between the HhH domains of the 

two complexes. The XPF HhH homodimer has a larger interaction interface, 

aromatic stacking interactions and additional hydrogen bond contacts as compared 

to the XPF/ERCC1 HhH complex, which accounts for its higher stability.  

 

Introduction 

Damage to the cellular DNA can lead to cancer and ageing, a subject of major inquiry 

(Lindahl & Wood, 1999). Thus, uncovering how repair systems target and correct 

damage (Nishino & Morikawa, 2002) will provide a deeper understanding of genetic 

recombination, chromosomal replication and genome maintenance (Hoeijmakers, 

2001). Throughout the course of evolution living organisms acquired several repair 

systems, thereby providing the cells with a broad arsenal to defy the threats of DNA 

lesions arising due to exogenous and endogenous factors. The nucleotide excision 

repair (NER) is a DNA repair pathway widely conserved among eukaryotic species 

(Sancar, 1996; Wood, 1996). The NER machinery is designed to cope with a wide 

variety of bulky, helix-distorting and transcription-interfering lesions. Therefore, 

defective NER elements result in serious prototype repair disorders in human, such as 

Xeroderma Pigmentosum (XP), Cockayne Syndrome (CS), trichothiodystrophy (de 

Laat et al, 1999; Mitchell et al, 2003), associated with an extreme sensitivity to UV 

induced skin cancer or many features of accelerated ageing (Andressoo & 

Hoeijmakers, 2005; Lans & Hoeijmakers, 2006).  

A collection of over 25 purified proteins is sufficient to carry out in vitro NER 

of damaged DNA substrates (Aboussekhra et al, 1995), many of these acting within 

the context of stable complexes. The in vitro as well as in vivo studies agree on a role 

of the XPC-HR23B-cen2 complex to bind the DNA lesion and subsequently recruit 
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the multiprotein basal transcription factor TFIIH and the XPG protein, followed by 

association of XPA and RPA to form a substrate amenable to strand-specific incision 

(Araki et al, 2001; Araujo et al, 2001; Sugasawa et al, 2001; Yokoi et al, 2000). This 

step is performed by the two structure-specific endonucleases, XPF-ERCC1 (Mu et al, 

1995) and XPG (Evans et al, 1997). The incisions are positioned on either side of the 

DNA lesion, allowing removal of a 24-32nt stretch with subsequent refilling of the 

resulting ss gap. The coordinated action of the six repair factors XPC, RPA, XPA, 

TIIFH XPG and XPF-ERCC1 are necessary and sufficient to carry out the dual 

incision in vitro and release the excised DNA lesion (Bessho et al, 1997; Evans et al, 

1997).  

The XPF protein, in complex with ERCC1, is responsible for the incision on 

the 5’ side of the lesion (Sijbers et al, 1996b). Its structure-specificity and defined 

polarity is believed to participate in other genome maintenance modes as well, such as 

interstrand-crosslink-repair (Busch et al, 1996; Kuraoka et al, 2000; Niedernhofer et 

al, 2004), recombination (Niedernhofer et al, 2001; Schiestl & Prakash, 1990) and 

telomere protection (Munoz et al, 2005; Zhu et al, 2003). Thus, mice deficient for 

ERCC1 or XPF exhibit complex phenotypes (McWhir et al, 1993; Melton et al, 1998; 

Weeda et al, 1997) with severe growth defects multiple organ failure and early death, 

contrasting with the UV-specific phenotype of other NER-mutant mice such as XPA 

and XPC. The phenotypic similarity of ERCC1 and XPF knockout mice is consistent 

with the functional association of the two protein partners. However, slight 

differences in the two mutant mice may indicate an additional role for either XPF or 

ERCC1. For instance, ERCC1-deficient splenic B cells show moderately reduced 

Class switch recombination in vitro (Schrader et al, 2004), in contrast to XPF-

deficient splenocytes (Tian et al, 2004). Interestingly, mutations in the Drosophila 

XPF-homologue mei9 affect both mitotic and meiotic recombination (Baker et al, 

1976; Baker & Carpenter, 1972; Carpenter, 1982), whereas no deficit in homologous 

recombination was reported for the ERCC1-deficient cells from mice and Chinese 

hamster (Melton et al, 1998). 

At present no direct evidence has been presented to support an independent 

role for XPF in DNA repair in eukaryotes. The archaeal counterpart that performs 5’ 

incision in nucleotide excision repair is homodimeric. The X-ray structure of the 

archaeal XPF proteins (Newman et al, 2005; Nishino et al, 2005), describes the C-

terminal HhH motif, which mediate DNA binding and dimerization (Nishino & 

Morikawa, 2002; Sgouros et al, 1999). The presence of HhH motifs (Aravind et al, 

1999; Shao & Grishin, 2000) has been reported for many other important proteins 

such as RuvA (Ariyoshi et al, 2000), Uvrc (Singh et al, 2002), where a role in DNA 

binding has been confirmed. Recent structural data and biochemical observations for 
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the eukaryotic XPF-ERCC1 complex revealed that the ERCC1 subunit of the 

heterodimer is required for DNA binding activity (Tripsianes et al, 2005; Tsodikov et 

al, 2005), whereas the full-length XPF subunit is likely to modulate the cleavage 

(Enzlin & Scharer, 2002). These structures indicated that XPF acts as a scaffold for 

ERCC1. Since archaeal XPF family members possess the ability to form homodimers, 

this raises the question whether eukaryotic XPF can also form homodimers. 

It has been shown that C-terminal HhH domains of the XPF and ERCC1 

proteins are crucial for the heterodimeric complex formation (de Laat et al, 1998). 

Independent studies carried out by us (Tripsianes et al, 2005) and Choi and co-

workers (Choi et al, 2005) confirmed that the C-terminal HhH domain of ERCC1 is 

stable only in the presence of the XPF HhH domain. The Choi group reported the 

existence of homodimers of the human XPF HhH domain in vitro (Choi et al, 2005). 

This is in agreement with our present observation, showing that the XPF HhH domain 

can form homodimers both in vitro experiments and in E.coli strains overexpressing 

XPF-ERCC1. The formation of stable XPF HhH homodimers contrasts to the C-

terminal part of ERCC1 that is unable to form a soluble homodimer in vitro and in 

E.coli (Tripsianes et al, 2005). Also there is a huge body of evidence indicating that 

XPF-ERCC1 heterodimers are the biologically important entity (Houtsmuller et al, 

1999; Sijbers et al, 1996a). This raises the question whether human XPF can also 

from a stable homodimer as observed in archaeal repair proteins in vivo (Komori et al, 

2004; Nishino et al, 2003). Here we compared the stability of the homo and 

heterodimeric complexes of the XPF HhH domain by CD spectroscopy and amide 

proton exchange studies. Surprisingly we find that the XPF HhH homodimer is much 

more stable than the biologically functional heterodimeric complex of the XPF and 

ERCC1 HhH domains. We also determined the solution structure of this homodimeric 

complex, and compared it to the heterodimeric HhH complex. The high stability of 

the homodimeric XPF HhH complex as compared to the heterodimeric XPF-ERCC1 

HhH complex can be well explained by the presence of a larger interaction interface, 

additional hydrogen bonds and additional aromatic ring stacking of the phenylalanine 

residues at the interface. 

 

RESULTS 

Stability of the (XPF)2 homodimer 

While overexpressing XPF-ERCC1 HhH domains we noticed the presence of an 

excess of XPF which could be purified to homogeneity for biophysical and structural 

studies (Tripsianes et al, 2005). Gel filtration experiments revealed that this XPF 

[823-905] domain is present as a stable homodimer (data not shown).  
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The stability of the XPF homodimeric and heterodimeric HhH complexes was studied 

using CD spectroscopy. Surprisingly, a higher stability is detected for the XPF HhH 

homodimer under increasing temperature and increasing denaturant concentration of 

Urea and GuHCl (Fig. 1).The thermostability data of the XPF HhH homodimer (20-

25 μM protein in 50 mM NaPi, pH 7 and 3-5 mM NaCl) reveals the presence of a 

Figure 1  

Stability of XPF-XPF and XPF-ERCC1 complexes. (a) Plot of weight fraction of the 
thermal denaturation profiles of XPF-XPF and XPF-ERCC1 complex with increasing 
temperature. The temperature is in °C. (b) Denaturant induced unfolding curves of the 
XPF-ERCC1 and XPF-XPF complex. The plots show weight fraction of the unfolded 
proteins with increasing concentration of the denaturant GuHCL. (c,d) Denaturation 
plots of the XPF-ERCC1 heterodimer and XPF homodimer as a function of urea 
concentration, respectively. The denaturation in (a-d) was followed by the CD 
ellipticity measured at 222 nm. Protein concentrations were ~20-25 μM, in 50 mM 
NaPi, pH 7. (e) NMR H-D exchange rate analyses of the homodimeric XPF protein 
complex. Protection factors of the homodimeric XPF (HhH) domain plotted as a 
function of residue number. Protection factors were calculated from the rate ratio 
kint/kobs and are displayed as a logarithmic scale. (f`) 15N-1H HSQC spectra of the 
XPF-ERCC1 (black) and XPF-XPF (red). Superimposed spectra of XPF-ERCC1 
(colored black) at 60 oC and XPF-XPF complex (red). The similarity in the two 
spectra shows that in XPF-ERCC1 above 45 °C only homodimeric XPF is present. 
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single transition at 75-77 °C [Fig. 1a]. Similar experiments carried out on the XPF-

ERCC1 HhH heterodimer under identical condition, show that the heterodimer is 

much less stable as judged by the profile of the CD melting curve and is highly 

dynamic based on 15N NMR relaxation data. Most importantly, the melting profile of 

the heterodimer shows a biphasic unfolding. The first transition is observed at 37-38 

°C, accompanied with extensive protein precipitation. The second transition occurs at 

75-77 °C, the temperature where also XPF homodimer undergoes unfolding. We 

found similar results under higher ionic strengths (100 mM NaCl and 50mM NaPi, 

pH 7). We suggest that in the first transition (37 °C) the XPF-ERCC1 complex 

dissociates with the precipitation of unprotected ERCC1 protein, while the stable 

(XPF)2 homodimer is formed. In the second transition (76 °C) the (XPF)2 homodimer 

subsequently unfolds. The stability of the homo and heterodimeric XPF complexes 

was also assessed in experiments with urea and GuHCl at low salt conditions (50 mM 

NaPi, pH 7 and 3-5 mM NaCl). The data on the XPF homodimer in the presence of 

increasing urea concentration shows that the homodimer starts to unfold around 6.0-

6.7 M urea. This is in agreement with work carried out by Choi and co-workers on 

XPF (HhH)2 homodimers (Choi et al, 2005). The XPF-ERCC1 heterodimer is much 

less stable in urea, showing dissociation already at 2.4-2.7 M urea [Fig.1(c,d)]. These 

results agree well with the lower thermostability discussed above. 

Similarly, the data collected on the XPF homodimer in increasing 

concentration of GuHCl reflects that the homodimer is stable until 2.9-3.0 M GuHCl 

concentration, while the data on XPF-ERCC1 indicates that the heterodimer seems to 

fall apart already at 2.4 M GuHCl [Fig. 1(b)]. The denaturation profiles of XPF-

ERCC1, does not show a clear biphasic unfolding pattern, as in temperature 

unfolding. The shallowness of the slope of the denaturation curves of XPF-ERCC1 as 

compared to the (XPF)2 homodimer, suggests however an additional transition after 

initial disruption of the XPF-ERCC1 complex. We measured the 15N NMR R1 and R2 

relaxation rates and the 1H-15N heteronuclear NOE data for the XPF homodimer and 

the XPF-ERCC1 heterodimer (supplementary material). For the XPF homodimer the 

highest R2 rates are observed for residues at or near the interface of the complexes 

(D839, F840, N861, E864 and Y887) and in the beginning of helices H2 (A849, N851 

and R853) and H4 (Q870, D871) and in the non-conserved hairpin h2 (G878, N879), 

indicating possible μs-ms time-scale motions in these regions. The R2 rates for 

residues in hairpin h1 (K843, G846, V847) were smaller than the average, indicating a 

sub-nanosecond timescale flexibility in this part. On average the R2 rates at the 

interface of the XPF-ERCC1 heterodimer were higher, in agreement with its reduced 

stability. Unfortunately a full relaxation analysis for both proteins was not possible 

due to sample instabilities over prolonged relaxation measurements. 
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NMR H/D Exchange Studies 

To understand the stability of the XPF homo- and heterodimeric complexes in atomic 

detail we next performed H-D exchange experiments. Hydrogen deuterium exchange 

rates were measured on the XPF homodimer complex (~0.4 mM XPF2, 100 mM 

NaCl, 50 mM NaPi, pH=7.06, 22.3 °C), and the kinetics of the exchange was 

monitored by acquiring a series of 15N-1H HSQC spectra. The amide protons at this 

pH exchange slowly with a rate of on average 10-3 s-1. We noted that most of the 

amide protons of the XPF homodimer form very stable hydrogen bonds with a very 

high protection factor [Fig.1(e)]. This agrees well with the high stability of the (XPF)2 

homodimer. The experiments performed on the XPF-ERCC1 heterodimer under 

similar conditions indicated very fast amide proton exchange both for the ERCC1 and 

the XPF domains (with rates faster than ~0.1 s-1). Since this exchange kinetics was 

even too fast to follow, we could only conclude that, the protection factors for XPF-

ERCC1 are at least 100 times smaller than for XPF homodimers at 22.3 °C. H/D 

exchange study of XPF-ERCC1 at pH 4.5 shows rates in a range of 10-4 to 10-3 s-1. 

These results show that the H/D exchange for XPF-ERCC1 is at least 100 times faster 

than for the XPF homodimer. This agrees well with the thermal and denaturant 

induced unfolding studies, where we also observed a large difference in the stability 

of both complexes.  

 

Temperature Dependence Studied by NMR 

The temperature unfolding of the homo- and heterodimers was also monitored by 

following the amide cross peaks in a series of 15N-1H HSQC experiments [Fig. 1(f)]. 

We observe that the heterodimer amide peaks start to disappear and the peaks 

corresponding to the XPF homodimer start to appear at 45-50 °C. Thus our NMR data 

provide direct evidence for homodimer formation and aggregation of ERCC1 as 

explanation for the first transition in the CD measurements [cf. Fig.1(a)]. Apart from 

those of folded XPF HhH homodimer no additional new signals appeared, indicating 

that ERCC1 forms large aggregates that are not visible in the NMR spectra. By 

comparing the amide resonances for heat treated XPF-ERCC1 and native (XPF)2 , it is 

clear that the overall folds for the two species after aggregation of ERCC1 are 

essentially the same. We have also noticed that in addition to heating under NMR 

conditions in the absence of denaturants the XPF-ERCC1 heterodimer tends to slowly 

change to the XPF homodimer in the course of time (months). Spectra acquired at 

various time points clearly supports this observation (data not shown). In this 

experiment the newly formed XPF homodimer from the heterodimer has an identical 

spectrum as the native homodimer. This all agrees with a high stability of the XPF 

HhH homodimer, not only at high temperature and denaturant concentrations, but also 
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at room temperature. The stability and molecular mass of the XPF homodimer was 

further confirmed by MALDI-TOF-MS, which showed next to the monomeric XPF a 

intense peak for homodimeric XPF (data not shown). This is a strong evidence for the 

tight packing of the homodimer, as it survives even under these harsh MALDI 

conditions (Wysocki et al, 2005). Our biophysical studies show that the homodimer of 

the C-terminal domain of XPF is significantly more stable than the biologically 

functional XPF-ERCC1 heterodimer. To provide a molecular explanation we have 

determined the solution structure of the homodimeric C-terminal domain of XPF 

protein. 

 

Three-dimensional Structure of the (HhH)2 domain of XPF 

The structure of the C-terminal domain of XPF(823-905) was solved by combined 

heteronuclear double and triple resonance NMR spectroscopy by using uniformly 
15N/13C-labeled protein (10 mM NaPi, pH 5, 400 mM NaCl) at 20.6 °C . The 15N-1H 

HSQC spectra showed a single set of resonances, demonstrating that XPF forms a 

symmetric dimer.  

Table I. Structural statistics of the structure ensemble of the C-terminal domain 
(823-905) of homodimeric human XPF 

R.m.s.d (Å) with respect to mean  (backbone/heavy)a 
XPF monomer 0.31 ± 0.08  / 0.57 ± 0.15 
XPF dimer 0.39 ± 0.12  / 0.64 ± 0.16 
No of experimental restraints 
Homodimeric complex  
Intra residue NOEs 750 
Sequential NOEs (|i - j| = 1) 1054 
Medium range NOEs (1<|i - j|<4) 927 
Long-range NOEs (|i - j|>4) 645 
Inter protein 319 
Total NOEs 3695 
Dihedral angle restraints 194 
Restraint violations 
NOE distances with violations >0.4 Å  0.00 ± 0.00 
Dihedrals with violations >5° 0.00 ± 0.00 
R.m.s.d. for experimental restraints 
All distance restraints (3695) (Å) 0.019 ± 0.001 
Torsion angles (194) (°) 0.38 ± 0.06 
R.m.s.d from idealized covalent geometry  
Bonds  (Å)                   
Angles (°)       
Impropers  (°)                               

0.011±0.00 
1.26±0.05 
1.38±0.10 

CNS energies after water refinement 
Evdw (kcal/mol) -677 ± 25 
Eelec (kcal/mol) -6513 ± 100 
Ramachandran analysis 
Residues in the favoured regions (%) 94.4 ± 1.5 
Residues in additional allowed regions (%) 5.6 ± 1.5 
Residues in generously allowed regions (%) 0.0 ± 0.0 
Residues in disallowed regions (%) 0.0 ± 0.0 
a RMSD values (in Å) were calculated for 835-895 of Prot A and 835-895 
Prot B XPF. 
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A summary of the structural and restraint statistics is given in Table 1. 

Sequence alignment of the XPF protein and an overlay of the final 20 lowest energy 

conformers obtained after the structure calculation and water refinement is shown in 

Figure. 2 (a-d). The lowest energy structure of the XPF homodimer is showing the 

overall helical arrangement [Fig 2(e)]. 

The present structure of the XPF homodimer shows a twofold symmetry. The 

arrangement of the double helix-hairpin-helix motifs in each monomer is shown in 

Figure 2(e). In archaeal XPFs this domain is essential for both dimerization and DNA 

binding activity (Newman et al, 2005; Nishino et al, 2005). Here we also observe 

many interactions between the two monomers of the XPF dimer. However, we note a 

difference in the fold of the hairpins that have been implicated in DNA binding in 

most other HhH domains. Whereas the first hairpin (h1 and h1’) consisting of 

residues (843-847) is structurally conserved, the second hairpin is absent in our XPF 

homodimer due to the shorter intervening sequence between helix-4 and 5 [Fig. 2(b)]. 

The structure of the second hairpin of the human XPF HhH homodimer is very 

similar to that of XPF in the heterodimeric complex of ERCC1/XPF. 

 

Structural comparison with other HhH domains 

The human XPF HhH domain shares a high degree of sequence conservation with the 

ERCC1 HhH domain, primarily in hydrophobic residues. These residues are part of 

the hydrophobic interface between the two monomers, both in the homo- and 

heterodimeric complexes indicated in Figure 2(a,b). 

The helical assembly of the XPF HhH homodimer is similar to the XPF-

ERCC1 heterodimer HhH complex (Tripsianes et al, 2005; Tsodikov et al, 2005). We 

performed a fitting of the structure elements of the XPF homodimer and the XPF 

monomer within the XPF-ERCC1 heterodimeric complex (1z00), and the 

homodimeric archaeal XPF structures (1x2i, 2bgw) using Profit (Table 2). The fitting 

of the XPF homodimer indicates the very high overall structural similarity within the 

XPF protein family, suggesting that XPF family of protein is structurally conserved 

(Newman et al, 2005; Nishino et al, 2005). Small RMSD differences exist between all 

XPF family members that might arise from amino acid sequence differences. 

However, differences within the XPF molecule when present as a homodimer or as a 

heterodimer in complex with ERCC1 indicate that the protein adapts its structure for 

an optimal interaction with the partner protein. The most notable difference is the 

orientation of the helix-1 that together with helix-3 contributes most to the interaction 

surface. For instance, the reorientation of helix-1 away from helix-2 makes space to 

accommodate the bulky side chains of residues F840, L841 and L842. At the same time 
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the orientation of the residues in helix-3 gets altered, which interlocks the helix-5 

forming a closed tight hydrophobic cage. 

 

Larger Protein Interaction area and aromatic ring stacking in XPF homodimers 

by adaptation of helix-1 

A detailed structural comparison suggests that the backbone folds of XPF in the 

homo- and heterodimeric complexes are very similar, but there are substantial 

differences in the positioning of the monomers with respect to each other, as shown in 

the fitted structures [Fig. 3(a,b)]. Moreover, at the interface of the complexes, there 

are additional ring stacking interactions as compared to the XPF-ERCC1 heterodimer 

[Fig 3(c-e)].  

A clear difference of the human XPF homodimer vs the XPF-ERCC1 

heterodimer and archaeal XPF complex is the positioning of its helices resulting in a 

larger interface of the XPF homodimer compared to XPF-ERCC1 and archaeal XPF 

(AP-XPF) (1760 Å2 vs 1534 Å2 and ~1235 Å2 ), as pointed out in Figure 3(a,b). Most 

importantly, helix-1 (residues 836-841) tilts and slightly moves away, offering 

additional space required for accommodating the sidechain of Phe840 and Phe889.This 

rearrangement is accomplished with a slightly different orientation of some key 

sidechain residues of helix-1 in the homodimer interface as compared to the XPF-

ERCC1 interface as is shown in Figures 4(a,b). The different sidechain conformations 

at the interface, allows a substantial stacking of the aromatic groups of Phe840 and the 

conserved Phe889 of helix 5 [Fig 3(c,d)]. 

 

Table II.  R.M.S.D (Å) between and Z-score values of the XPF complexes. 
Complex Z-Score (XPF)2 ApXPF Pf HEF XPF ERCC1 
(XPF)2 2aq0.pdb 15.1 0.3 1.5 1.7 1.3 1.8 
ApXPF 
2bgw.pdb 

8.1 1.7 1.8 1.2 1.8 1.8 

Pf-HEF 1x2i.pdb 8.8 1.5 1.3 0.5 1.8 1.5 
XPF 1z00.pdb 10.5 1.3 1.6 1.7  2.5 
ERCC1 
1z00.pdb 

7.7 1.9 1.7 1.7 2.5  

  

The resulting -  interactions (Burley & Petsko, 1985; Kannan & 

Vishveshwara, 2000) may contribute considerably to the observed high stability of the 

homodimeric complex. Figures 4(c,d) show the contacting residues at the surface of 

XPF from two different angles. Importantly, residue Phe894 is buried in hydrophobic 

cavities both in the XPF homodimer and the XPF-ERCC1 heterodimer [Fig 4(e,f)]. A 

comparison of the contribution of homologous residues Phe293 of ERCC1 and Phe894 

of XPF in the homodimeric and heterodimeric XPF complexes reveals that these 

anchoring Phe894 and Phe293 residues occupy interaction areas of 538 Å2 and 500 Å2 in  
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the homodimeric and heterodimeric complexes, respectively, contributing to a large 

amount to the interaction surface. In fact, the corresponding tyrosine residue in the 

archaeal XPF (Newman et al, 2005) contributes only ~348 Å2 to the interaction 

surface (Table 3).WHATCHECK (Hooft et al, 1996) and PROCHECK (Laskowski et 

al, 1993; Laskowski et al, 1996) analysis of the residues surrounding the hydrophobic 

cavities in the XPF-ERCC1 heterodimer and in the XPF homodimer (in XPF residues  

Figure 2  

Sequence alignment of the C-terminal HhH motif of the XPF protein homologues. (a) 
Alignment of the human XPF protein with most closely matched species. The residues 
part of the conserved first hairpin is indicated in green. Conserved Gly878 present in 
the non-conserved second hairpin is coloured blue. Conserved Asn861 which mediates 
H-bond interaction via side chain amide ( ) with the carbonyl Phe889 (*) is coloured 
blue, this interaction is absent in XPF-ERCC1 heterodimer. Ala863 forms hydrogen ( ) 
with Ile890 ( ). Residue Phe894 which is locked in the XPF cavity is indicated by ( ). 
(b), Sequence alignment of the XPF homologue proteins from all the three kingdoms. 
Residue involved in H-bonding in Archaeal XPF is indicated by ( ) and ( ). Conserved 
residues are highlighted in green ( ), and those in (HhH) in blue. Most important 
non-conserved residues are shown in pink. Residues absent from the second hairpin of 
XPF are indicated as (-), if present highlighted in yellow. (c), 3D Structure of the C-
terminal HhH motif of the Human XPF homodimeric complex (2aq0). Ensemble 
backbone view of the final 20 structures of the XPF homodimer. The protein subunits 
are coloured green and blue; the hairpins in both subunits are red. (d), Superimposed 
representation of the XPF subunits. Colour conventions are as in (c). (e), Cartoon 
representation of the lowest-energy model. The helices are denoted with number 1-4 
for the green coloured subunit and 1’-4’ for the blue subunit. The hairpins are 
indicated as h1 and h1’. 
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Pro837, Leu841, Leu842, Met844, Asn834, Asn861, Phe840 and Phe889, plus in the 

homodimer Phe894, and in ERCC1 Phe231, Val232, Val235 and Leu254), show that the 

homodimer is well-structured. 

 

Hydrogen Bond Network at the Interface 

A comparison of the hydrogen bonds formed in the XPF-ERCC1 heterodimer and the 

XPF homodimer suggests that the higher stability of the latter is in part also due to 

additional hydrogen bonds as shown in Figure 4(e,f). In each of the monomer subunits 

Figure 3  

Structures of XPF complexes. (a), Overlay of XPF of human XPF-ERCC1 
heterodimer (orange) and of homodimeric human XPF (green). (b), Overlay of 
archaeal XPF (magenta) and of homodimeric human XPF (green). (c), Stacking of 
aromatic sidechains in the interface of homodimeric human XPF. (d), Ribbon view of 
the human XPF-ERCC1 heterodimer. The figure shows the lowest-energy model with 
the aromatic phenylalanine (Phe840, Phe889, Phe894) of XPF coloured in yellow and the 
aromatic phenylalanines (Phe231, Phe257, Phe286 and Phe293) of ERCC1 coloured in 
cyan. (e), Ribbon view of archaeal XPF. The aromatic phenylalanine residues are 
coloured in green and cyan. The coodinates used for (a-e) are from the XPF 
complexes from Archaea (2bgw), human XPF-ERCC1 (1z00) and human XPF-XPF 
homodimer (2aq0). 
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Figure 4  

Structures of the interaction interface of XPF complexes. The figure shows the C-
terminal domains of homodimeric human XPF and heterodimeric human XPF-
ERCC1 (coloured orange and red). (a), Stick representation of the backbone and side 
chains of the helices 1 (green) and 1’ (blue) of homodimeric XPF. (b) View of the 

equivalent region in the heterodimeric XPF (orange)-ERCC1 (red). (c), and (d), 
Surface representation of the aromatic sidechains in the interface of the XPF 
homodimer from two angles. E, and F. Network of hydrogen bonds at the interface of 
homodimeric XPF and of the XPF-ERCC1 heterodimer, respectively. 



HhH domain of the human XPF homodimers 
 

 51

the side chain NH2 of Asn861 makes intermonomer hydrogen bonds to the backbone 

carbonyl of Phe889. 

This hydrogen bond serves as an important link between helix-5 and the loop 

connecting helix-2’ to helix-3’. This hydrogen bond, which is absent in the XPF-

ERCC1 heterodimer, engages the side chain NH2 in anchoring helix-5, thereby 

enabling the proper positioning of the helix with respect to the core of the complex. 

Furthermore, the backbone amide proton of Ala863 at the end of helix-3 is hydrogen 

bonded to the carbonyl of Ile890 in helix-5, which fixes the position of the two helices.  

This arrangement of helix-3 and 5 is stabilized further a number of hydrophobic 

contacts. Also the side chain NH2 of Lys860, the carbonyl oxygen of His891, the side 

chain oxygen of Glu895 and the side chain hydroxyl of Ser893 are forming hydrogen 

bonds. In the XPF-ERCC1 heterodimer the equivalent hydrogen bond, His891-Glu261 

participates in the side chain-to-side chain connection (Tripsianes et al, 2005), 

whereas the hydrogen bond between Lys860 and Glu895 is absent. In total 18 

intermolecular hydrogen bonds exists in the XPF homodimer as compared to 13 in the 

XPF-ERCC1 heterodimer and 9 in archaea (Ap-XPF), which is likely to be an 

important factor of the (XPF)2 stability as observed in the (H-D) exchange, 

temperature and denaturant induced unfolding studies.  

 

Table III. Accessible surface area of the aromatic Phe or Tyr in the XPF complexes. 

COMPLEX 
Cavity (Å)2 
Monomer A 

Cavity (Å)2 
Monomer B 

XPF HOMODIMER 270 268 
XPF-ERCC1 HETERODIMER 280ERCC1 220XPF 
XPF-Archaea HOMODIMER 173 175 

 

 

DISCUSSION 

A large body of evidence indicates that XPF-ERCC1 is an obligate heterodimer in 

vivo (Houtsmuller et al, 1999; Sijbers et al, 1996b). It was noted however, that the C-

terminal HhH region of XPF that was shown to be required and sufficient for 

heterodimer formation in vitro (de Laat et al, 1998), can also form a homodimer in 

vitro (Choi et al, 2005). Our biophysical characterization of the C-terminal HhH 

domain of XPF shows a high stability of the C-terminal homodimeric XPF HhH 

complex as compared to the heterodimeric XPF-ERCC1 HhH complex. The structural 

data of the XPF homodimer can well explain this increased stability. We find a larger 

number of hydrogen bonds, a larger interaction surface area and additional ring-

stacking for Phe840 and Phe889 of the XPF HhH homodimer in comparison with the 

heterodimeric XPF-ERCC1 HhH complex. These differences account for the 
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increased thermostability, increased denaturant stability and the greater 

conformational stability as probed in H/D exchange. The residues that contribute 

significantly to the increased stability of the homodimer are well conserved, such as 

Asn861, suggesting that the evolutionary ancient ability to form homodimers might be 

of yet unknown functional relevance. 

 

Can Human XPF form a homodimer in vivo? 

In vivo the human XPF and ERCC1 proteins are unstable in mammalian cells in the 

absence of their partners (Sijbers et al, 1996b; Van Vuuren et al, 1993). In XP group F 

cells, that lack functional XPF protein, a low content of ERCC1 protein is found 

despite normal levels of ERCC1 mRNA (Biggerstaff et al, 1993; Yagi et al, 1998; 

Yagi et al, 1997). The levels of the ERCC1 protein can be increased in the XPF-

defective cells by transfecting an expression vector encoding wild type XPF (Yagi et 

al, 1998). This all fits well with the observations that ERCC1 only folds in the 

presence of XPF protein. In ERCC1-defective cells still XPF protein can be found 

albeit only at a tiny fraction of the normal amount indicating that, like the HhH 

domain, the full-length XPF can be present in the absence of ERCC1 (Gaillard & 

Wood, 2001; Hayashi et al, 1998). Recombinantly produced XPF-ERCC1 

heterodimer can complement in an in vitro NER reaction while recombinant ERCC1 

can only marginally complement ERCC1-defective cell extract. Further addition of 

recombinant XPF did not significantly increase the repair activity (Gaillard & Wood, 

2001). It is tempting to speculate that this recombinantly produced XPF also forms 

stable dimer that fails to dissociate to form a functional XPF-ERCC1 heterodimer in 

vitro.  

These data indicate that functional XPF-ERCC1 can only be produced when 

the two proteins are present together and co-translationally fold together. Also in vitro 

folding experiments by us and others using the ERCC1 and XPF HhH domains 

strongly argue that XPF-ERCC1 heterodimer can only be formed when the two 

proteins are present together. The interactions between XPF and ERCC1 have been 

mapped to the C-terminal HhH domains of XPF and ERCC1 45, whereas the flanking 

XPF nuclease and ERCC1 central domains do not seem to interact 42. We here find 

that the C-terminal HhH domains of XPF can also form a stable homodimeric 

complex. In vivo, however, no or only a marginal amount of intact XPF is detected in 

the absence of ERCC1. We cannot explain this observation. We can not exclude that 

the homodimers as formed here using an isolated domain is in vivo prevented by the 

presence of additional flanking sequences in intact XPF. But given the presence of 

small amounts of XPF in ERCC1-defective cells it appears more probable that in vivo 

homodimeric XPF is actively degraded. 
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Biological significance of the observations 

Most of what we know about the XPF-ERCC1 protein is based on the biochemical 

and structural data points to the notion that heterodimer is obligatory for a functional 

complex (de Laat et al, 1998; Tripsianes et al, 2005; Tsodikov et al, 2005). However, 

the ability to form homodimer among the XPF family of endonucleases is 

evolutionary conserved and apparently is not lost even after gene duplication of the 

ancestral XPF leading to the appearance of ERCC1. The structure of the XPF protein 

in homodimeric and heterodimer context is so similar that alterations that would 

prevent homodimer formation would also block heterodimer formation. 

It is possible that the homodimer might act as a storage complex whereby the 

presence of excess amount of ERCC1 drives the equilibrium back to the heterodimer. 

Whether an XPF homodimer has an additional role remains to be seen but the high 

stability observed here and before for the human XPF protein fragments (Choi et al, 

2005; McCutchen-Maloney et al, 1999) and in full length Hef homodimer (Komori et 

al, 2004; Nishino et al, 2003) argues that a function for XPF homodimer in vivo 

would be possible and is worth investigating. Further studies are needed to clarify the 

apparent contradiction between the much higher stability of the XPF HhH domain in 

vitro and the apparent absence of full length (XPF)2 in vivo, and to investigate the 

putative role for XPF homodimers.  

 

MATERIAL AND METHODS 

Sample preparation 

XPF-ERCC1 was expressed and purified as described before (Tripsianes et al, 2005). 

The excess of XPF homodimers from the XPF-ERCC1 heterodimer expression was 

purified by collecting the unbound fraction and dialysing against 50 mM Tris/bis-Tris 

buffer at pH 7. This fraction was loaded on to an anion exchange column, under the 

same buffer condition; the unbound fractions contained the XPF dimer with minor 

impurities. Subsequently, the unbound fraction was concentrated and dialysed against 

the NMR buffer (10 mM NaPi and 400 mM NaCl, pH 5) and the fraction was loaded 

on a Superdex 75 column equilibrated to the same buffer conditions. The complex 

eluted from the column as a single species with an elution time in agreement with the 

XPF dimer of molecular weight of ~19 kD. The fraction was concentrated to nearly 

450 μl with a final protein monomer concentration of 1 to 1.2 mM using Amicon 

filters with a 3 kD cut off. Using this protocol both 15N-labelled and 13C/15N-labelled 

(XPF)2 samples were prepared.  
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NMR Spectroscopy 

NMR data were collected at 20.6 °C on a Bruker DRX600 spectrometer equipped 

with a z-gradient triple-resonance cryoprobe and a Bruker Avance 700 spectrometer 

equipped with a 5 mm z-gradient triple-resonance probe. The NMR samples were ~1 

mM (monomer concentration) in a buffer containing 10 mM NaPi, pH 5, 400 mM 

NaCl, 95%/5% H2O/D2O, and a small amount of complex protease inhibitor (Roche). 

A set of triple resonance experiments, HNCACB, CBCACONH, HNCO, 

HN(CA)CO, HNCA, HN(CO)CA, HBHA(CBCACONH), HBHANH, HN(CA)HA, 

(H)CC(CO)NH-TOCSY, H(CCCO)NH-TOCSY, (H)CCH-TOCSY, and H(C)CH-

TOCSY, as described in (Cavanagh et al, 1996; Sattler et al, 1999), was acquired to 

assign the backbone and side chain 1H, 13C and 15N resonances  at 600 MHz.A set of 

NOE spectra, 3D-NOESY-(13C,1H)-HSQC, 3D-(13C)-HMQC-NOESY-(15N,1H)-

HSQC, 2D 15N-filtered/13C edited-(1H,1H)-NOESY (tmix=70ms) was acquired at 600 

MHz using a cryogenically cooled probe (Bruker TXI) and 3DNOESY-(15N,1H)-

HSQC (tmix=70ms) was acquired at an AVANCE 700 MHz spectrometer as described 

previously(Sattler et al, 1999).All the spectra were processed using XWINNMR 

(Bruker, DRX) and the NMRPipe software package (Delaglio et al, 1995) and 

analyzed with Sparky (Goddard & Kneller) and NMRview (Johnson & Blevins, 

1994). 

 

H/D Exchange  

The samples for the H/D exchange studies contained 15N-labeled XPF homodimer or 

XPF-ERCC1 heterodimer in 50 mM NaPi, pH 7.06, 100 mM NaCl, were dissolved in 

95% H2O/5% D2O and checked by a 1H-15N HSQC spectrum and were subsequently 

lyophilized. Protein monomer concentrations were ~0.4 mM for (XPF)2 and XPF-

ERCC1. The spectrometer was setup using another sample under identical conditions 

in water, in order to reduce the acquisition of the first spectrum. The lyophilized 

sample was dissolved in D2O to start the H/D exchange. The dead time delay between 

dissolving the sample in D2O and acquiring the first experiment was approximately 12 

min. A series of 1H-15N fast HSQC (Mori et al, 1995) experiments were acquired at 

600 MHz at 22.3 °C. The cross peak volumes in the 1H-15N HSQC spectra were 

extracted and the decay was fitted to a single exponential using three parameters 

(corresponding to the intensity at time zero, the decay rate and an off-set), using the 

Levenberg-Marquardt algorithm implemented in the Gnuplot 3.7 (www.gnuplot.info). 

Estimates for the decay rate errors were taken from the standard errors given by 

Gnuplot. The intrinsic rates kint were predicted using the program SPHERE 

(www.fccc.edu/research/labs/roder/sphere). 

 



HhH domain of the human XPF homodimers 
 

 55

Structure Calculations 

Initial distance constraints were generated from integrated crosspeak volumes in 3D 

NOESY-(15N-1H)-HSQC ( mix=70 ms), 3D NOESY-(13C-1H)-HSQC, 3D (13C)-

HMQC-NOESY-(15N,1H)-HSQC and 2D homonuclear 13C-edited (1H-1H)-NOESY 

( mix=70 ms) experiments, torsion angle restraints were derived from TALOS 

(Cornilescu et al, 1999) , and hydrogen bond restraints were derived in accordance to 

the secondary shift data and NOE (Kumar et al, 1980) data. 

A strategy combining manual assignment and automatic NOE assignment 

using CANDID module of the program CYANA were performed as described 

(Güntert et al, 1997; Herrmann et al, 2002). Monomer and dimer protocols were 

performed and the structures calculated were analyzed to distinguish inter and intra 

monomer NOE constraints as described (Nilges, 1993; Salinas et al, 2005); inter 

monomer NOE were inconsistent with the structure of the monomer. Initially any 

potential NOE that could arise from both inter and intra subunit contacts were treated 

as ambiguous NOE restraints in the form of a ( r–6 )-1/6 sum, as described (Huang et 

al, 2000). Subsequently the intersubunit NOEs were resolved during the course of 

iterative refinement, and were verified by manual inspection of the calculated 

structures. The total number of NOEs used in the structure calculation were cross 

validated as described (Nabuurs et al, 2004; Spronk et al, 2004) which includes the 

manual inspection of the total number of input peaks from the number peaks rejected 

during the automatic assignment steps. 

Finally the NOE restraints, dihedral and hydrogen bond restraints derived from 

the structures calculated by CYANA were converted to CNS (Brünger et al, 1998) 

format and these restraints were used in the standard RECOORD protocol (Nederveen 

et al, 2005) with the symmetry and experimentally derived set of inter monomer 

hydrogen bond restraints, NCS restraints were switched off for water refinement. The 

structures calculated with (NCS restraint force constants kncs=1.0, ksym=10.0 kcal mol-

1 Å-2) on during water refinement did not change significantly. 

 

CD Spectroscopy and Thermal and Denaturant unfolding  

CD measurements were recorded with a JASCO J-810 spectropolarimeter, fitted with 

a thermostatically controlled cell holder and interfaced with a water bath. The CD 

melting experiments were performed in 50 mM NaPi, pH 7, 5 mM NaCl and in 50 

mM NaPi, pH 7, 100 mM NaCl, at a scan rate of 1 oC/min at 222 nm on the 

spectropolarimeter by controlling the sample temperature with a Peltier type 

temperature controller. The experiments were recorded in a time course manner, such 

that for each data point ten scans were acquired each lasting 10 s at 222 nm. The first 

derivative was calculated from the CD melting profile. The maximum values in the 
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derivative curves were designated as the melting temperature, Tm. The cell length was 

1 mm and the protein concentration 20-25 μM. 

CD spectra, at a constant temperature of 27 C, were collected under the same 

buffer and protein conditions. For the GuHCL denaturation the concentration of 

GuHCl. was increased in steps to 5 M. For the urea denaturation the concentrations 

was stepwise increased to 8 M. The CD data were collected and analyzed as described 

before (Politou et al, 1995). 

 

Accession Numbers 

The 20 conformers of XPF homodimeric complex have been deposited in the RCSB 

Protein Data Bank (accession code 2AQ0). The chemical shifts of the protein complex 

have been deposited in the BMRB (accession number 6851). 

 

Acknowledgements 

The authors are grateful to Dr Eiso AB, Dr R.K Salinas, Dr H. Wienk, Drs Aalt-

JanVan Dijk for the assistance and discussions during the project. The authors thank 

Prof. B. de Kruijff for use of the CD spectropolarimeter. This work was financially 

supported by the Research Council for the Chemical Sciences of the Netherlands 

Organization for Scientific Research (NWO-CW) and by the Center for Biomedical 

Genetics. 

 
Supplementary material 

Table 1. 15N T1 , T2 relaxation times and 1H-15N heteronuclear NOE data for the XPF 
HhH homodimer in 50 mM NaPi, pH 5, 100 NaCl, 295 K. 

 
Residue 1H-15N NOE T1 (ms) T2 (ms) 

    
D823 -0,18   
S824 -0,70   

    
L827 -1,95   

    
G836 0,94 8,92E+02 1,09E+02 

    
Q838 0,74 1,15E+03 8,52E+01 
D839 0,68 1,04E+03 4,79E+01 
F840 0,67 9,44E+02 4,33E+01 

    
L842 0,59   
K843 0,70 9,09E+02 6,90E+01 
M844 0,60 1,03E+03 4,69E+01 
G846 0,67 1,14E+03 7,05E+01 
V847 0,62 1,01E+03 6,98E+01 
N848 0,65 1,08E+03 6,18E+01 
A849 0,72 1,02E+03 4,48E+01 
K850  9,99E+02 7,65E+01 
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N851  1,01E+03 4,5E+01 
R853  9,55E+02 4,39E+01 
S854 0,74 1,02E+03 5,05E+01 
L855  9,14E+02 5,05E+01 
M856  1,02E+03 6,30E+01 
H857 0,69 1,03E+03 4,71E+01 
H858 0,65 1,02E+03 5,73E+01 
V859  9,91E+02 7,84E+01 
K860 0,70 1,06E+03 4,91E+01 
N861 0,71 9,78E+02 4,65E+01 
I862 0,64 1,20E+03 6,22E+01 
A863 0,62 1,06E+03 6,46E+01 
E864 0,62 1,05E+03 4,29E+01 
L865 0,64 9,91E+02 4,71E+01 
A867 0,68 1,10E+03 6,14E+01 
L868 0,63 9,80E+02 7,65E+01 
S869 0,64 1,18E+03 4,94E+01 
Q870 0,72 1,17E+03 4,10E+01 
D871 0,63 1,02E+03 4,29E+01 
E872 0,69 1,01E+03 6,31E+01 
L873 0,63 1,05E+03 5,36E+01 
S875 0,66 9,84E+02 5,97E+01 
I876 0,68 1,08E+03 4,57E+01 
L877 0,63 1,06E+03 4,70E+01 
G878 0,65 1,01E+03 7,18E+00 
N879 0,72 1,19E+03 9,34E+00 
A880 0,62   
N882 0,64 1,06E+03 4,60E+01 
A883 0,65 9,83E+02 4,91E+01 
K884 0,63 1,06E+03 7,18E+01 
Q885 0,64 1,07E+03 4,26E+01 
L886 0,62 1,03E+03 4,91E+01 
Y887 0,60 1,02E+03 8,08E+01 
D888 0,60 1,00E+03 4,29E+01 
F889 0,76 9,48E+02 8,34E+01 
I890 0,64   
H891 0,62 1,13E+03 7,77E+01 
T892 0,64 9,60E+02 5,47E+01 
S893 0,63 1,10E+03 6,04E+01 
F894  8,87E+02 8,01E+01 

    
G901 -2,36   
K902 -3,12   
G903 -0,80   
K904 -1,35   
K905 -0,35   

    
    

 
 

Table 2. 15N T1 , T2 relaxation times and 1H-15N heteronuclear NOE data for the XPF-
ERCC1 HhH heterodimer in 50 mM NaPi, pH 7, 100 NaCl, 295 K. 
 
 

ERCC1 
1H-15N 
NOE 

T1 (ms) T2 (ms)  XPF 
1H-15N 
NOE 

T1 (ms) T2 (ms) 

         
L222  8,67E+02 4,46E+01      

         
     S824 -0,27 1,20E+03  
     E825 -0,73 6,99E+02 9,69E+01 
     T826  6,83E+02  
     L827 -2,91   
     E829  6,71E+02 6,31E+01 
     K832 0,81   
     N834 0,69 8,35E+02 7,07E+00 
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     G836 0,64 1,40E+03 5,27E+01 
         

V235   5,05E+01  Q838 0,64 8,44E+02 3,87E+01 
     D839  1,22E+03 6,24E+01 

C238 0,59 1,87E+03 4,45E+01      
     L842 0,64 1,13E+03 4,80E+01 

T240 0,59 1,03E+03 5,86E+01  K843 0,57 3,56E+03 4,27E+01 
T241 0,59 1,60E+03 3,69E+01      
V242 0,61 2,55E+03 4,25E+01      
K243 0,73 1,04E+03 5,99E+01  G846 0,59 9,35E+02 5,97E+01 

     V847 0,54 1,44E+03 6,81E+01 
V245 0,77    N848 0,62 1,27E+03 3,70E+01 

     K850  1,22E+03  
D249 0,63 1,22E+03 5,67E+01      
S250 0,59 2,16E+03 5,50E+01      

     S854 0,63 7,33E+02 4,41E+01 
     L855 0,60 9,05E+02 4,48E+01 

L253 0,61 1,45E+03 3,99E+01  M856  1,31E+03 4,46E+01 
L254  8,68E+02 5,21E+01  H857  9,61E+02 4,65E+01 
T255 0,82 9,43E+02 1,05E+02  H858  6,67E+03 6,09E+01 

     V859  1,34E+03 5,40E+01 
     K860 0,65 1,16E+03 4,98E+01 
     N861 0,66 1,16E+03 5,56E+01 

S259 0,64 1,78E+03 7,22E+01  I862 0,53   
L260 0,53 1,21E+03   A863 0,59 1,38E+03 4,13E+01 

     E864  1,19E+03 7,58E+01 
         

L263 0,62 2,12E+03 4,73E+01      
     A867 0,60 1,37E+03 5,44E+01 

A265 0,61 1,77E+03 4,28E+01  L868 0,63 1,17E+03 5,46E+01 
A266 0,63 1,25E+03 6,03E+01  S869 0,60 1,24E+03 5,12E+01 
S267 0,66 3,20E+03 5,74E+01  Q870 0,62 8,90E+02 3,88E+01 

     D871   3,27E+01 
         
     T874  1,06E+03 7,26E+00 

A272  9,47E+02 4,18E+01      
L273 0,61 1,10E+03 6,83E+01      
C274 0,67 1,07E+03 4,15E+01  L877 0,54 1,89E+03 4,12E+01 

         
G276 0,69 5,67E+03 3,85E+01  G878 0,65 1,08E+03 5,95E+01 
L277 0,71 1,52E+03 4,29E+01  N879 0,62 3,86E+03 1,38E+02 
G278 0,77 9,05E+02 8,94E+00  A881  9,22E+02 3,52E+02 
K281  1,35E+03 4,53E+01      

     Q885  1,48E+03 5,65E+01 
F286 0,63 1,13E+03 4,59E+01  Y887 0,58 1,32E+03 4,45E+01 
D287  1,28E+03 4,54E+01  D888 0,59 8,58E+02 3,74E+01 
V288 0,64 2,26E+03 4,21E+01  I889   4,61E+01 
L289 0,59 1,46E+03 4,31E+01  I890 0,59 2,25E+03  
H290  8,97E+02 7,76E+00  H891 0,53 1,49E+04 3,82E+01 
E291 0,72 1,58E+03 4,13E+01      

     S893  6,84E+02 7,83E+01 
         
     S899  6,90E+02 1,166E+03 

G298  6,63E+02 7,45E+01      
     K905 -0,25   
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The structure of the XPF helix-hairpin-helix domain bound to 

single strand DNA. A model for the binding of XPF/ERCC1 at a 

ss/ds DNA junction  
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Abstract 

Human XPF/ERCC1 is a structure specific DNA endonuclease that nicks a UV damaged 

DNA strand at the 5’ end during nucleotide excision repair and has additional roles in 

homologous recombination repair and telomere maintenance. The C-terminal domains of 

ERCC1 and XPF contain double helix-hairpin-helix (HhH) motifs that contribute to DNA 

recognition but their specificity is poorly understood. We report here the structure of the 

complex of C-terminal part of the human nucleotide excision repair protein XPF with 10nt 

single strand DNA. A charged region involving the second helix of the first HhH motif of XPF 

contacts the ssDNA phosphate backbone. The guanine base of Gua5 is positioned in a pocket 

of XPF surrounded by residues from the conserved first HhH motif and the non-canonical 

second HhH motif. Comparison to structures of other HhH motifs indicates a specific 

deletion of one residue from the second HhH motif that has altered the conformation of the 

hairpin enabling interaction with ssDNA. Combining the identified ssDNA binding surface of 

XPF with results from previous interaction studies of ERCC1 with hairpin DNA (Tripsianes 

et al, 2005) we propose a model where the substrate preferences of the two distinct DNA 

binding surfaces of the HhH domains specifically enables binding of the human XPF/ERCC1 

heterodimer at the ss/ds DNA junction. 

 

Introduction 

UV radiation and chemical carcinogens are the major sources of DNA damage in cells 

(Hoeijmakers, 2001). The resulting modified DNA, containing cyclobutane pyrimidine 

dimers or various other covalent adducts, must be removed to guarantee genetic fidelity 

(Nishino & Morikawa, 2002). The cell contains several mechanisms for DNA repair, most of 

which are highly conserved over species. The damage caused by UV light is removed by the 

nucleotide excision repair (NER) factors (Scharer, 2007). NER entails a collective action of 

25 or more proteins that together recognize the DNA impairing lesions and eliminate them 

(de Laat et al, 1999; Scharer, 2007). Biochemical studies show that the repair is initiated by 

XPC-hHR23B binding to the distorted lesion, permitting the recruitment of the basal 

transcription factor complex TFIIH (Evans et al, 1997a; Mocquet et al, 2008; Sugasawa et al, 

2001). Together with XPA and RPA (Li et al, 1995; Wakasugi & Sancar, 1998) TFIIH then 

forms a complex that binds to the DNA damage site and opens the DNA around the lesion 

(Evans et al, 1997b). This in turn permits recruitment of the two structure-specific 

endonucleases XPG and XPF/ERCC1 complex, which carry out the dual incision at the 3’ 

and 5’ side of the damage, resulting in the removal of 24 to 32 nucleotides. The resulting gap 

is filled by a DNA polymerase and DNA ligase (Bessho et al, 1997; Mocquet et al, 2008). 
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In humans the XPF/ERCC1 heterodimer complex is an obligate structure specific 

endonuclease (Tripsianes et al, 2005; Tsodikov et al, 2005) participating in nucleotide 

excision repair (de Laat et al, 1999; de Laat et al, 1998b), interstrand cross link repair (Fisher 

et al, 2008; Sasaki et al, 2004), telomere length control (Munoz et al, 2005; Wu et al, 2008), 

homologous recombination events (Ahmad et al, 2008; Talbert et al, 2008), and targeted gene 

replacement (Adair et al, 2000; Niedernhofer et al, 2001).. Consistent with the functional 

association of XPF and ERCC1 in multiple events, studies carried out with mice deficient in 

ERCC1 and XPF exhibited similar phenotypes that are more severe than observed in mice 

deficient in XPC and XPA (Sands et al, 1995; Stout et al, 2005). Both the genetic 

experiments and biochemical activities of the repair factors (McWhir et al, 1993; Tian et al, 

2004; Weeda et al, 1997) point to an additional role of the XPF/ERCC1 heterodimer outside 

NER (Niedernhofer et al, 2005). 

The role of full length XPF/ERCC1 as a 5’ endonuclease has been confirmed in vitro, 

showing a clear preference for single-double strand DNA junctions, such as bubble, flap and 

fork structures (de Laat et al, 1998a; Park et al, 1995; Sijbers et al, 1996). It was further 

shown that the C-terminal domains of the human XPF and ERCC1 proteins are required and 

sufficient for stable heterodimer formation (Tripsianes et al, 2005). Others and we previously 

reported that ERCC1 could only fold in the presence of XPF, the latter acting as a scaffold 

(Choi et al, 2005; Tripsianes et al, 2005). Structure determination of the minimal 

dimerization domains of the two proteins showed the presence of two canonical helix-

hairpin-helix motifs (HhH) related by a pseudo two-fold symmetry axis. While the C-

terminal domain of ERCC1 was insoluble in isolation, the C-terminal domain of XPF was 

highly soluble. We subsequently showed that this XPF domain forms a homodimer that is 

significantly more stable than the heterodimeric XPF/ERCC1 complex (Das et al, 2008). The 

NMR structure provided a molecular explanation for the higher stability in vitro. However, 

the function of the homodimeric XPF HhH domains in eukaryotes remained elusive. In 

contrast, homodimeric XPF in archaea bacteria is both in vitro and in vivo required for 

5’incision and structural analysis of archaeal XPF identified the important role of the HhH 

domains for DNA binding and dimerization (Komori et al, 2002; Newman et al, 2005; 

Nishino et al, 2003; Nishino et al, 2005).  

DNA binding experiments using the complex of the C-terminal domains of ERCC1 

and XPF revealed a preference for DNA sequences containing single-double strand junctions. 

NMR chemical shift perturbations found by the addition of a hairpin substrate with 22 

unpaired nucleotides (H22) showed that primarily the two hairpins of the HhH domain of 

ERCC1 were affected by the addition of DNA (Tripsianes et al, 2005). Using the structural 

homology with other HhH domain structures including RuvA bound to a Holliday junction 
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(Ariyoshi et al, 2000) and the structural information obtained from the archaeal homodimeric 

XPF bound to DNA, a model for the ERCC1-dsDNA interaction was proposed demonstrating 

the role of the two hairpins (Tripsianes et al, 2005). The XPF/ERCC1 structure further 

reveals a shortening of the second hairpin in the HhH domain of XPF, suggesting a distinct 

function for the eukaryotic XPF in the heterodimeric complex. The role of XPF in substrate 

recognition was not addressed previously. To elucidate the function of the HhH domain of 

XPF in the heterodimeric complex, we took advantage of the more stable homodimeric C-

terminal domain of XPF. 

Using mass spectrometry, NMR spectroscopy and in vitro binding assays, we show 

here that XPF( 823) homodimers can bind single strand DNA (Aravind et al, 1999; Ciccia et 

al, 2007; Doherty et al, 1996; Thayer et al, 1995). The solution structure of the human 

XPF( 823) homodimer in complex with ssDNA shows that the DNA forms a right handed 

structure that wraps around the protein mainly via hydrogen bonds to the phosphate backbone 

and a base-specific contact where a guanine is flipped into a hydrophobic cavity formed 

between canonical HhH1 and the distorted HhH2. Together with available data on the 

ERCC1-dsDNA interaction we present a model for the recognition of the ss/dsDNA junction 

by XPF/ERCC1 complex. This model underscores the asymmetry of the XPF/ERCC1 to bind 

ss/ds DNA junction. Similar to other HhH motifs the conserved HhH motifs of ERCC1 bind 

to dsDNA. Due to a single amino acid deletion the HhH domain of the mammalian XPF has 

preference for single strand DNA. Thus, by the combined action of both XPF and ERCC1, 

the heterodimeric XPF/ERCC1 binds to a ss/ds DNA junction. 

 

Results 

DNA binding by XPF( 823)  homodimers 

We previously reported the DNA binding activity by the HhH domains of the XPF/ERCC1 

heterodimer. The NMR spectra revealed significant chemical shift perturbations for residues 

of the HhH motifs of the ERCC1 protein, while minor shifts were found for the XPF( 823) 

residues (Tripsianes et al., 2005). To investigate the significance of the XPF( 823) NMR shifts, 

we decided to analyze the ability of  (XPF( 823))2 to bind  DNA. 

An electrophoretic mobility shift assay is performed using the same probes for the 

XPF( 823) homodimer as used previously for the XPF/ERCC1 HhH domain (Tripsianes et al., 

2005). These binding studies demonstrated a preference for ssDNA, where the highest 

affinity was obtained for a DNA substrate containing two conformationally restricted ssDNA 

sequences. Quantification revealed an apparent Kd of 0.5 ± 0.1 M of (XPF 823)2 to such a 

bubble substrate (manuscript in preparation, chapter 4). The ability of (XPF 823)2 to form a  
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complex with ssDNA was confirmed using mass spectrometry using MALDI-TOF-MS  by 

the presence of a signal at 30.9 kD corresponding to the XPF( 823)-ssDNA complex (Figure 

1A). Combined these results show that XPF( 823) homodimers can form stable complexes 

with single strand DNA. 

Figure 1  
(A) MALDI-TOF (MS) spectrum of the XPF-ssDNA complex. The signals are assigned 

based on the expected mass/charge ratio of the bound and free species. (B) Overlay of 1D 

phosphorus spectra, free (red) and bound (blue) states of the (XPF)2-(CAGTGGCTGA)2 

complex, indicating changes in the phosphate backbone in the free and bound form of the 

ssDNA. (C) Part of a 
1
H-

15
N heteronuclear single quantum correlation (HSQC) spectrum of 

the protein-ssDNA complex (blue) and of free protein (red). The arrows indicate the 

observed changes in the titrations of XPF with ssDNA 
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Identification of the ssDNA binding surface of XPF( 823) by NMR 

For an NMR study of the protein-DNA complex a minimal substrate (CAGTGGCTGA) was 

used that was able to compete for DNA binding with the preferred substrate (bubble 10). To 

characterize complex formation we have compared the 31P chemical shift changes of the 

DNA phosphate backbone in the absence and presence of XPF 823 homodimers. The majority 

of all 31P NMR signals were affected significantly by protein binding (Figure 1B). DNA 

binding by XPF is also evident by comparing the 1H-15N HSQC NMR spectra of free and 

DNA bound XPF 823 homodimers (Figure 1C). The chemical shift perturbations are most 

prominent for residues of the second helix of the canonical HhH motif, namely Lys850, 

Asn851, Ser854, Leu855, Met856, His857, His858, Val859. In the heterodimeric XPF/ERCC1, few of 

these residues (Leu855, Val859) were also affected by the addition of the H22 substrate 

(Tripsianes et al, 2005). This suggests that the same XPF surface contributes to DNA binding 

in the heterodimeric complex as well.  

 

 

Figure 2  

(A) Chemical shift perturbation (CSP) upon 10nt ssDNA binding. CSP values 

plotted on the lowest energy monomeric structure of the XPF homodimer. CSP 

values for the amide proton (HN) and nitrogen (N) are calculated as 

2 2(5 ) ( )CSP ppmHN ppmN= + , where the chemical shift difference 

(  ppmHN) and (  ppmN) are the proton and nitrogen nuclei in part per 

million, for the free and bound state of the protein. (B) The color scheme is 

from gray (CSP < 0.2) to red (CSP >0.48). Black indicates residues for which 

the CSP values are missing. 
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Three-dimensional structure of the (XPF 823)2 -single stranded DNA complex 

The structure of the XPF 823 homodimers bound to a 10 nucleotide single strand DNA 

(CAGTGGCTGA) was determined on the basis of 3184 distance restraints and 178 dihedral 

angle restraints. A summary of all structural and restraints statistics is given in Table 1. The 

ensemble backbone rmsd for the 20 conformers is 0.57Å calculated for the well folded part of 

the protein, which is similar to the previously reported value for the free protein (Das et al, 

2008). Figure 3A shows an overlay of the final 20 lowest energy conformers after water 

refinement. The structure of the XPF 823 homodimer bound to two ssDNA sequences shows 

two-fold symmetry, as also observed for the structure of the free XPF 823 homodimers (Das 

et al, 2008).  

Table 1. Structural statistics of the (XPF( 823))2-(CAGTGGCTGA)2 conformers. 
R.m.s.d (Å) with respect to mean  (backbone)a 
XPF dimer 0.57 
No of experimental restraints 
DNA  

Intra molecular DNA-DNA NOE (B) 96 
Intra molecular DNA-DNA NOE (C) 96 

Protein-DNA 
Total Intermolecular Protein-DNA  42 

Homodimeric XPF2 
Intra residue NOEs 664 
Sequential NOEs (|i - j| = 1) 778 
Medium range NOEs (1<|i - j|<4) 739 
Long-range NOEs (|i - j|>4) 514 
Inter protein 255 
Total NOEs  3184 
Dihedral angle restraints 178 

Restraint Violations (Å) 
NOE distances with violations  >0.5 Å 4.28 ± 0.6 
Dihedrals with violations >5° 0.00 ± 0.00 
R.m.s.d for experimental restraints (Å) 
All distance restraints  (Å) 0.07 ± 0.005 
Torsion angles  (°) 0.46 ± 0.03 
R.m.s.d from idealized covalent geometry 
Bonds (Å) 0.004±0.00 
Angels (°) 0.7±0.00 
Improper  (°) 0.40±0.00 
CNS energies after water refinement 
Evdw (kcal/mol) -755.7 ± 19.5 
Eelec (kcal/mol) -5708.5 ± 105.4 
Ramachandran analysis 
Residues in the favoured regions (%) 93.25 ± 1.5 
Residues in additional allowed regions (%) 4.8 ± 1.6 
Residues in generously allowed regions (%) 1.50 ± 0.5 
Residues in disallowed regions (%) 0.04 ± 0.2 
a RMSD values (in Å) were calculated for 835-894. 

 

Each monomer of the DNA bound homodimer contains two helix-hairpin-helix motifs 

and has a buried surface area of 640Å2 per monomer. The structure of (XPF)2 in the complex 

resembles that of free (XPF)2 with a backbone rmsd of 0.69 Å.  
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For residues 845-861 and 845’-861’ that are close to ssDNA, we note minor changes 

in the conformation of the side chains (rmsd 1.14 Å). In the free XPF protein the residues, 

that are part of the conserved canonical and non-canonical HhH motif, form a cavity (Das et 

al, 2008). In the DNA bound structure the base of Gua5 is positioned in this cavity and has a 

large interaction surface area of about 140Å2 with the protein. Altered conformations are 

seen for the Lys850 and Asn879 side-chains in the free and DNA bound XPF. This altered side-

chain conformation of Lys850 results in a hydrogen bond contact to the phosphate group of 

Figure 3  

Three-dimensional structure of the (XPF( 823))2-(CAGTGGCTGA)2 complex. (A) 

Stereoview of the final 20 conformers of the ensemble. The protein subunits are 

colored blue and the DNA is colored green; the hairpins in both protein subunits are 

in red. (B) A closer view of the monomeric ssDNA ensemble structures in two 

orientations. 
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Cyt7 and the slight adaptation of the Asn879 side-chain results in a hydrogen bond with Gua5 

in ~30% conformers of the final ensemble. These two changes define the position of the 

Gua5 base in the cavity.  

WHATCHECK (Hooft et al, 1996) and PROCHECK (Laskowski et al, 1996) analysis 

of the residues Val847, Asn848,Ala849, Lys850, Ser875, Ile876, Leu877, Gly878 and 

Asn879 surrounding the cavity indicate no further structural deformations. Figure 3B shows a 

closer view of the ssDNA in the complex. For nucleotides 2-7 that contact the protein the 

phosphate backbone is well defined with a rmsd of 1.18 Å, while for nucleotides 8-10 no 

structure was found. The well-structured part 2-7 of the ssDNA in the complex adopts a 

right-handed helical structure (Figure 3B). A similar right-handed helical DNA structure was 

also seen in the solution structure of a complex between hnRNP and a 10nt single stranded 

DNA (Braddock et al, 2002). A 2D 31P-1H HMQC spectrum, in which the 31P resonance of 

residue (i) is correlated to both H3’ (i – 1) via a 3J coupling and to the H4’ via a 4J coupling 

together with very narrow 31P chemical shift dispersion, is very indicative of such a geometry 

(Braddock et al, 2002). A 2D HMQC (31P-1H) spectrum and 2D 1H-1H NOESY spectrum of 

the (XPF)2-ssDNA, which confirms the right-handed helical geometry of the ssDNA in the 

XPF complex, is shown in Figures 1B and 2A in the supplement.  

 

Insight into protein-DNA interaction 

Figure 4A and B show how the single strand DNA is positioned on the surface of XPF.  The 

arrangement of the ssDNA on the protein is a result of several electrostatic contacts between 

protein and DNA. For example, the sidechain of Lys850 interacts with the phosphate group of 

Cyt7 and the sidechain of Arg853 contacts the phosphate groups of both Gua5 and Gua6 in 

~80% of the conformers. The right-handed helical DNA structure is in agreement with 

intermolecular NOE data between Gua6 H1’ and Gua5 H1’ (supplementary Figure 2B). A 

summary of the protein-DNA contacts is shown in Figure 4C. Interestingly, the Ser854 

hydroxyl interacts with the oxygen O5’ atom of Thy4. The hydrogen bonding of the OH of 

Ser854 to DNA is confirmed by the slow exchange of the OH proton with water leading to an 

observable NOE between the OH and the Ser854 CH2 protons. Additionally, the sidechain of 

His857 makes a hydrogen bond interaction with Gua3, while the His858 sidechain contacts the 

phosphate group of Gua3. Consistent with the observed interaction between His857 side chain 

and ssDNA, we find an NOE between His857 HD1 proton and the backbone HB proton only 

in the protein-DNA complex as indicated in supplementary Figure 2C.  
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Another aspect of the protein-DNA complex is a pocket that holds the guanine base of Gua5. 

The position of this base is well defined in the pocket and is also permitted by van der Waals 

Figure 4  

Structures of the interaction interface in the  (XPF( 823))2-(CAGTGGCTGA)2 

complexes. (A) Surface representation of the  (XPF( 823))2-(CAGTGGCTGA)2 

complex. The sugar phosphate backbone of the DNA is coloured gray, the XPF 

subunit is coloured blue and the surface is colored light gray. (B) Detailed structural 

view showing the protein DNA surface. The protein side chains are colored yellow. 

(C) Summary of the interactions between XPF and DNA. Residues mediating 

phosphate interactions are shown by black arrows; blue arrow indicates non-bonding 

interactions involving protein residues and DNA. The purple arrows indicate base 

hydrogen bond contact. The flipped nucleotide is enclosed in the red box. 
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repulsive interactions. An unambiguous protein-DNA NOE marked as (XP1) between Asn879 

side-chain atom (HB) and –NH2 protons of the Gua5 in the 3D 13C edit-1H-1H NOESY and in 

the 2D 1H-1H NOESY spectra (supplementary Figure 2A). We conclude that the HhH 

domain of XPF protein binds to the single stranded DNA in a right-handed helical 

conformation with a single guanine base positioned in a XPF cavity.  

 

 

Figure 5  

A model for XPF/ERCC1 binding to a splayed arm DNA substrate. The model is 

constructed from the known structures of the human XPF( 823)-ERCC1 (HhH) domain 

(1z00), ERCC1 central domain (2jpd), Archaeal XPF homodimer bound to dsDNA 

(2bgw) and the present structure of the XPF( 823) homodimers bound to 10nt  ssDNA. 

The model highlights the distributed task of the XPF and ERCC1 proteins in NER. 

The ERCC1 central domain (gold) interacts with XPA and the ERCC1 HhH domain 

(purple) contacts dsDNA. The XPF HhH domain (cyan) is positioned on the ssDNA, 

thereby stabilizing the ssDNA. The nuclease domain is in yellow.  
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A model for the splayed arm DNA substrate recognition by the functional full length 

XPF/ERCC1 heterodimer 

Tsodikov et al. suggested a model of XPF/ERCC1 binding to a splayed arm DNA substrate to 

account for their biochemical and structural findings (Tsodikov et al, 2005). In this model the 

HhH domain of XPF is in contact with a single strand arm of the splayed arm DNA, which is 

consistent with our present structural findings. It has also been reported that the ERCC1 HhH 

domain can interact with both dsDNA and ssDNA (Tripsianes et al, 2005; Tsodikov et al, 

2005). Based on NMR titration data we suggested that the conserved HhH domains of the 

ERCC1 protein contact the phosphate backbone of the dsDNA in the minor groove as noted 

for the RuvA (Ariyoshi et al, 2000), UvrC (Singh et al, 2002) and archaeal XPF proteins 

(Newman et al, 2005). Here we modeled the individual nuclease and HhH domains of XPF, 

and the central and HhH domains of ERCC1 on the ss/ds junction (Figure 5A). Based on 

NMR titration data (manuscript in preparation, chapter 4) we assume that the XPF protein in 

the XPF/ERCC1 heterodimer has a similar ssDNA binding surface as noted in the XPF( 823)-

ssDNA complex. Therefore we combined our current structural work on the XPF( 823)-

ssDNA complex and the findings of Newman et al (Newman et al, 2005), Tsodikov et al 

(Tsodikov et al, 2005; Tsodikov et al, 2007) and Tripsianes et al (Tripsianes et al, 2005; 

Tripsianes et al, 2007) to propose a model for the splayed arm DNA substrate specificity of 

the XPF/ERCC1. A major highlight of the current model is the interaction of the XPF HhH 

domain with one of the single strand arms of the splayed arm DNA from the 5’ to 3’. The 

ERCC1 HhH domain interacts with the major grove at the double stranded region. The 

nuclease domain of the XPF is positioned at the cleavage site. This positioning is suggested 

by the DNA bound structure of the archaeal XPF homodimers, which is inactive on bubble 

substrates and can cut 3’ flaps by the combined action of the HhH and nuclease domains. 

 

Discussion 

We identified non-specific single strand DNA binding activity for XPF( 823) homodimers, by 

mass spectrometry, NMR spectroscopy and biochemical assays. We have also determined the  

solution structure of the complex of XPF HhH domains with a single strand DNA substrate 

and compared this complex with other nucleic acid-protein complexes. 

 

Comparison to dsDNA binding by HhH motifs 

Several proteins that contain HhH motifs are known to bind dsDNA in a non-sequence 

specific mode (Doherty et al, 1996). The dsDNA binding by HhH motifs is consistent with 

the structural similarity of these motifs and the manner in which they contact the DNA 
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phosphate backbone (Shao & Grishin, 2000; Thayer et al, 1995). For example, in the 

Holliday junction binding protein RuvA two basic residues, Lys119 and Arg123, located in the 

HhH motif bind to a negatively charged DNA phosphate oxygen atom (Ariyoshi et al, 2000). 

Similar protein-DNA contacts have been also reported for the archaeal XPF homodimers 

(Newman et al, 2005), UvrC (Singh et al, 2002) and for XPF/ERCC1 (Tripsianes et al, 2005). 

Interestingly, in the present XPF-ssDNA complex, both Lys850 and Arg853 residues contact 

ssDNA and are located in the equivalent position as that of Lys119 and Arg123 in RuvA. This 

suggests that the first conserved helix-hairpin-helix motif of the XPF protein has a direct 

involvement in non-sequence specific DNA binding. In fact, a Thr713 to Ala mutant of 

archaeal Hef homodimers binds DNA with a lower affinity (Nishino et al, 2005). This Thr713 

is also equivalent to Lys850 in the human XPF protein that is participating in ssDNA binding.  

 

Comparison to other Protein-ssDNA complexes 

There is a large set of proteins that form complexes with ssDNA (Bochkareva et al, 2002; 

Kerr et al, 2003). In most of these complexes DNA bases that mediate protein-DNA 

interactions point towards the protein. However, in an alternate situation DNA bases can also 

point away from the protein surface such that the DNA phosphate groups mediate 

electrostatic contacts with the protein side chains (Doherty et al, 1996; Werten & Moras, 

2006). The structure of RecA-ssDNA complex is a good example, where it is noted that the 

three stacked DNA bases are sandwiched between the RecA  hairpins with their Watson-

Crick edges solvent exposed (Chen et al, 2008). Notably, in the present XPF-ssDNA 

complex, DNA bases are also pointing away from the protein surface such that the bound 

DNA exists in a right-handed helical conformation. A right-handed helical ssDNA 

conformation has been seen also for the hnRNP-ssDNA complex (Braddock et al, 2002). 

Thus, the XPF surface presents a scaffold for single strand DNA binding and the helical 

conformation of the bound DNA is determined by the protein side chains, as seen before in 

the structure of the CdC13-telomere DNA complex (Mitton-Fry et al, 2002). 

 

Biological implications of the (XPF)2-ssDNA complex 

XPF/ERCC1 is a structure-specific nuclease, required for cleaving DNA near the ss/ds DNA 

junction with a defined polarity. Understanding the role of single-strand DNA binding mode 

of XPF( 823) surface is relevant, because the XPF protein in homo- and heterodimers are 

structurally similar. Therefore any knowledge obtained by studying homodimeric XPF can be 

used to understand the function of XPF in the XPF/ERCC1 heterodimer (Das et al, 2008). 

The heterodimer functions in a distributive manner, where ERCC1 is likely to be responsible 

for substrate specificity by its interaction with XPA and dsDNA (Tripsianes et al, 2007; 
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Tsodikov et al, 2007), while XPF carrying the nuclease domain does the cleavage at the 5’ 

end of the DNA (Enzlin & Scharer, 2002; Tsodikov et al, 2005). Despite the available 

structures of archaeal XPF bound to DNA, and various structures of parts of human XPF and 

ERCC1, the mechanism underlying polarity remains elusive (Tripsianes et al, 2005; 

Tripsianes et al, 2007; Tsodikov et al, 2005; Tsodikov et al, 2007). We propose that the 

substrate preference of the DNA binding domains of ERCC1 and XPF could contribute to the 

correct positioning of the heterodimeric XPF/ERCC1 complex with respect to the single-

double strand junction (de Laat et al, 1998a). This leads to the model as proposed in Figure 5. 

This model highlights the asymmetry of the XPF/ERCC1 to bind the ss/ds DNA substrate. 

 

Gene duplication and obligatory heterodimerization  

The clear similarities between homodimers and heterodimers with respect to the fold and 

organization of their domains strongly indicates that the XPF and ERCC1 genes have derived 

from duplication of the ancestral XPF gene (Gaillard & Wood, 2001). In this scenario an 

obligatory heterodimer developed in which one monomer (hXPF) retained the DNA cleavage 

activity via its nuclease domain and the other monomer (ERCC1) the dsDNA binding activity 

via its HhH domain. This split functionality would be consistent with an obligatory 

heterodimer formation. The additional domains from ERCC1 and XPF could have enforced 

this by acquiring new functionality. The central domain of ERCC1, which lacks the 

conserved ERK catalytic residues of the XPF nuclease domain but is further highly 

equivalent, has evolved to bind XPA (Tripsianes et al, 2007; Tsodikov et al, 2007) stabilising 

the NER complex. The second HhH domain of XPF has adopted a different conformation 

than the canonical HhH domains by the loss of only one residue in the second HhH domain 

(Das et al, 2008). This led to a distinct substrate preference whereby XPF now has the ability 

to bind to ssDNA. This ability of XPF to bind to ssDNA with an altered hairpin together with 

ERCC1 to bind dsDNA can be an explanation for the change in substrate preference between 

archaea-bacteria (3´ flap substrates consisting of two DNA duplexes) and eukaryotes (stem-

loop or splayed-arms with one duplex). The asymmetry between the hairpin motifs of XPF 

and ERCC1 matches the ss/ds DNA junction and this together with the XPA-ERCC1 

interaction positions XPF/ERCC1 in a defined manner in the NER complex. Thus the 

structural specialization of the two halves of the XPF/ERCC1 complex are all essential 

ingredients for the high efficiency and fidelity of eukaryotic DNA repair. 
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MATERIALS AND METHODS 

Sample preparation 

Expression and purification of XPF( 823) homodimers has been described before (Das et al, 

2008). The protein fraction was concentrated to nearly 450 μl with a final protein monomer 

concentration of ~1 mM using Amicon filters with a 3 kD cutoff. Using this protocol both 
13C/15N-labelled (XPF)2 samples were prepared. 

 

DNA Titration 

The 10nt sequence 5’CAGTGGCTGA, used for the final titration and structural work, was 

commercially purchased from Operon Biotechnologies GmBH (Cologne, Germany). The 

chemical shift perturbation data were acquired and analyzed as described before (Tripsianes 

et al, 2005). 

 

Mass Spectrometry 

The 39nt sequence 5’TGCGAATTCATATGCAATATTCAGTGGCTGAGCTACTGG used for Mass 

Spectrometry was commercially purchased from Operon Biotechnologies GmBH (Cologne, 

Germany). The MALDI-TOFF mass spectra were recorded on a Voyager-DE PRO mass 

spectrometer (Applied Biosystems) with implemented delayed extraction technique, equipped 

with a N2 laser (337 nm, 3ns pulse width). Spectra (positive-ion mode) were recorded in a 

linear mode at an accelerating voltage of 25 kV using an extraction delay of 300 ns. The 

XPF-homodimer and 39nt ssDNA samples (~0.6 μl) were mixed in a 1:1 ratio on the target 

plate with the matrix solution consisting of -cyano-4-4 hydroxycinnaminic acid (10 mg/ml) 

dissolved in acetonitrile/water/trifluoroacetic acid (50:49.7:0.3, v/v). 

 

NMR Spectroscopy 

NMR data were collected at 20.6 °C on a Bruker DRX 600 MHz spectrometer equipped with 

a z-gradient triple-resonance cryoprobe and a Bruker Avance 900 MHz spectrometer 

equipped with a 5 mm z-gradient triple-resonance probe. The final NMR sample contains 

~1mM XPF( 823)-ssDNA. A set of triple resonance experiments, HNCACB, CBCACONH, 

HNCO, HN(CA)CO, HNCA, HN(CO)CA, HBHA(CBCACONH), HBHANH, HN(CA)HA, 

(H)CC(CO)NH-TOCSY, H(CCCO)NH-TOCSY, (H)CCH-TOCSY, and H(C)CH-TOCSY, 

as described in (Cavanagh et al, 1996; Sattler et al, 1999), was acquired at 600 MHz to 

reassign the backbone and side chain 1H, 13C and 15N resonances. 

A set of NOE spectra, 3D-NOESY-(13C,1H)-HSQC, 3D-(13C)-HMQC-NOESY-

(15N,1H)-HSQC, 2D 15N-filtered/13C edited-(1H,1H)-NOESY (tmix=80, 100ms) and 13C/15N 



XPF single strand DNA complex 
 

75 

double half filter (1H-1H)- NOESY (tmix=80, 100ms)  was acquired at 600 MHz using a 

cryogenically cooled probe (Bruker TXI) and a 3D NOESY-(15N,1H)-HSQC (tmix=80, 

100ms) was acquired at a Bruker Avance 600 MHz spectrometer as described previously 

(Sattler et al, 1999).  1H decoupled 31P 1D spectra on the free and bound DNA and 1H-31P 

HMQC spectra were acquired on the Bruker DRX spectrometer resonating at 500MHz 

equipped with a QXI probe. 2D NOESY (tmix=80, 100, 150, 200ms) and 2D TOCSY 

(tmix=20, 40, 70ms) spectra on the free DNA were acquired on Bruker Avance 900 MHz 

spectrometer. 2D-NOESY (13C/15N decoupled, 13C decoupled, coupled) and 2D-TOCSY 

(15N/13C-filter) were acquired on  (XPF( 823))2-(CAGTGGCTGA)2 sample (~1mM) in a 

buffer containing 2mM NaPi, pH 5.2, ~80mM NaCl, 95%/5% H2O/D2O, and a small amount 

of complex protease inhibitor (Roche).  

All the spectra were processed using XWINNMR 3.5 (Bruker) and NMRPipe 

(Delaglio et al, 1995) software packages and analyzed with Sparky (Goddard & Kneller) and 

NMRview (Johnson & Blevins, 1994). 

 
Structure Calculation 

The structure calculation strategy used for the XPF-ssDNA complex consisted first of 

calculating free XPF homodimers alone with the reassigned NOEs and chemical shifts then 

its docking onto the ssDNA, and a final refinement in explicit solvent and clustering of the 

structures. For the structure calculations chemical shifts and NOEs data were converted to 

dihedral and distance restraints, which were then incorporated into the protocol as described 

before (Das et al, 2008). Importantly, the unstructured C and N terminal residues of protein 

were not used for the final protein DNA complex calculation, as evidenced from our previous 

structural data and the absence of any non-sequential inter-residue 1H-1H NOEs. For 

protein/DNA docking calculation we used HADDOCK molecular docking program version 

2.0 (Dominguez et al, 2003). A summary of experimental restraints used for complex 

calculation is given in Table 1. The default docking protocol as implemented in HADDOCK 

version 2.0 was used. Restraints defined to maintain nucleic acid base planarity, sugar pucker 

conformation (C2’-endo) and phosphate backbone conformation were adopted from van Dijk 

et al (van Dijk et al, 2006). The dihedral angles of the sugar-phosphate backbone of the input 

structures were measured and used as restraints. The error ranges attributed to these restraints 

were defined independently for the four distinct docking stages described below. 

1. Preparation of starting structures: The extended ssDNA structure generated using CNS 

(Brunger et al, 1998) was subjected to a single molecule HADDOCK run using the intra-

molecular DNA NOEs. This procedure generated 40 structures during the simulated 

annealing stage. All 40 structures were subjected to water refinement. The error range for 
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the sugar-phosphate backbone dihedral restraints was set to ( inp ± 50, inp ± 50, inp ± 35, 

inp ± 10, inp ± 50, inp ± 50). The 20 lowest-energy water refined XPF homodimer 

structures were selected for complex calculations 

2. Sampling DNA conformational space: This stage allowed the DNA to sample 

conformation space around the protein within the boundaries of the restraints. 1000 

solutions were generated during the rigid body docking stage. 200 best structures 

according to the HADDOCK score were subjected to simulated annealing followed by a 

gentle water refinement. All residues of the ssDNA were set as fully flexible during the 

simulated annealing stage. Due to the imposed DNA restraints the flexibility only affects 

the rotation of the nucleic acid base with respect to the sugar over the C1’- (N9/N1) bond 

and the sugar-phosphate backbone dihedral angles. The error range of all sugar-phosphate 

backbone dihedral restraints was set to Xinp ± 100°as described in (van Dijk et al, 2006) . 

The 200 solutions were clustered using a 7.5 Å r.m.s.d cutoff on the pairwise backbone 

r.m.s.d matrix (C  and P atoms). The dielectric constant ( ) as used in the rigid-body 

docking and simulated annealing stage was set to 78. To reduce computational time the 

sampling in this docking run was only directed towards one of the two symmetric XPF 

binding sites (2-component docking).  

3. Sampling DNA conformational space second iteration: This stage uses the DNA extracted 

from the 16 best solutions of the selected cluster of stage 2 as input. The ensemble was 

extended to 20 solutions by including the 2 best solutions from the other clusters (cluster 

2 and 3 out of 3) to minimize the risk of excluding possible favourable conformations that 

ended up in the other clusters. The docking proceeded in the same manner as stage 2 but 

the error range of the phosphate backbone dihedral restraints was reduced ( inp ± 80, inp 

± 80, inp ± 50, inp ± 40, inp ± 80, inp ± 80).  

4. Final refinement stage: This stage used the ssDNA extracted from the 5 best solutions 

from the selected cluster of the previous stage as input and docked them to both 

symmetric interfaces on the homodimeric XPF (3-component docking). Non-

crystallographic symmetry restraints were defined between all atoms of the two sets of 

ssDNA structures to enforce symmetrical orientation. The docking proceeded in the same 

manner as the previous two stages but the error range of the phosphate backbone dihedral 

restraints was reduced Xinp ± 50° for all dihedral angles. Final ensemble structure consists 

of 20 lowest-energy structures selected after clustering. 
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Supplementary material 

Assignment of the Protein-DNA complex 

The assignments for XPF in the complex were obtained by collecting and analyzing a set of 

3D triple resonance and heteronuclear 3D NOESY spectra as described for free XPF 

homodimers (Das et al, 2008). The assigned 1H chemical shift values for the DNA in free and 

in complex are given in (Table 1 and 2). Sequential assignments for the free and bound DNA 

were obtained as described before (Wijmenga & van Buuren, 1998). Part of the NOESY 

spectrum of the free DNA and the DNA in the complex is shown in (Figure 1A and Figure 

2A). Figure 2B show the strip plots of 3D 13C-edited 1H-1H NOESY spectrum, showing 

protein-DNA NOEs between the Arg853 sidechain and H1’ of Gua6, and between Lys850 

sidechain and H1’ of Gua5. The observed changes in the NOE pattern for the His857 in free 

and is complex is shown in Figure 2C.  

 
References: 

Wijmenga, S.S. and van Buuren, B.N.M. (1998) The use of NMR methods for conformational studies 

of nucleic acids. Progress in Nuclear Magnetic Resonance Spectroscopy, 32, 287-387. 

 

Supplementary Tables 

Table 1 1H chemical shifts (  ppm) of single strand DNA, CAGTGGCTGA, at 20.6 °C. 
 

 H8 H6/H2 H5 H1’ H2’ H2” H3’ H4’ H5’ H5” CH3 
5’C - 7.636 6.018 5.807 1.791 2.329 4.712 4.128 3.767 3.767 - 
A 8.291 - - 6.057 2.782 2.873 5.052 4.423 4.054 - -- 
G 7.818 - - 5.930 2.550 2.600 4.990 4.422 - - - 
T - 7.403 - 5.673 2.003 2.205 4.711 4.164 - - 1.822 
G 7.811 - - 5.766 2.443 2.446 4.980 - - - - 
G 7.945 - - 6.031 2.748 2.785 4.965 4.952 - - - 
C - 7.747 5.862 6.021 2.260 2.525 4.797 4.321 - - - 
T - 7.414  5.936 1.950 2.326 4.858 4.193 4.075 - 1.796 
G 7.910 - - 5.806 2.627 2.642 4.996 4.341 - - - 
A 8.274 - - 6.334 2.518 2.682 4.759 4.205 4.158 4.246 - 
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Table 2 1H chemical shifts (  ppm) of single strand DNA, CAGTGGCTGA, bound to 
XPF( 823) homodimers at 20.6 °C. 
 
 

 

 
 
 
 
 
 
 
Supplementary Figures 

 

 
 
 
 
 

 

 

 H8 H6/H2 H5 H1’ H2’ H2” H3’ H4’ H5’ H5” CH3 
5’C - 7.558 5.981 5.951 1.671 2.278 4.649 4.086 3.743 3.722 - 
A 8.279 - - 6.137 2.728 2.805 5.045 4.422 4.024 4.113 - 
G 7.960 - - 6.043 2.707 2.732 5.062 4.451 4.289 4.247 - 
T  7.521 - 6.222 2.329 2.342 4.628 4.153 - - 1.779 
G 8.013 - - 5.923 2.611 2.692 4.997 4.864 - - - 
G 8.003 - - 6.033 2.716 2.760 5.050  4.232 4.210 - 
C - 7.628 5.70 6.184 2.176 2.527 4.864 4.305 4.148 4.148 - 
T - 7.449 - 5.993 1.980 2.316 4.830 4.179 4.034 4.034 1.846 
G 7.884 - - 5.804 2.538 2.537 4.959 4.285 4.018 4.018 - 
A 8.345 - - 6.373 2.585 2.786 4.811 4.269 4.171 4.212 - 

Supplementary Figure 1  

(A) A part of 2D-NOE spectrum of the free DNA, recorded at 900 MHz. The 

sequential assignment of the base H8/H6/H5 protons to the ribose H1’ protons is 

indicated for the (CAGTGGCTGA) DNA fragment. (B) A view of 2D-HMQC (
1
H-

31
P) 

spectrum of the XPF( 823)-ssDNA complex, showing the proton phosphorous 

correlation of the single strand DNA. 
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Supplementary Figure 2  

(A) A part of 2D-NOE spectrum of the (XPF( 823))2-(CAGTGGCTGA)2 complex, 

recorded at 900 MHz. The sequential assignment of the base H8/H6/H5 protons to the 

ribose H1‘ protons for ssDNA fragment CAGTGGCTGA is indicated. Unidentified 

Protein DNA-NOE cross peaks are designated as XP (1-6). (B) Strip plots of 3D 
13

C-

edited 
1
H-

1
H NOESY spectrum, showing protein-DNA NOE between Arg

853
 side chain 

and H1’ of Gua6, and between Lys
850

 side chain and H1’ of the Gua5. (C). A 

comparison of strip plots of 3D 
13

C-edited 
1
H-

1
H NOESY spectra of free (red) and 

DNA bound (blue) form of His
857

 aromatic protons. Indicating changes in the (HD2) 

resonance and appearance of the (HD1) proton in the DNA bound state. 
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Abstract 

Nucleotide excision repair fulfils a crucial role in the maintenance of genome 

integrity by removal of damaged DNA. In archaea bacteria 5’ incision is performed 

by XPF homodimers, while in eukaryotes the XPF-ERCC1 heterodimer is required 

for this cleavage reaction. Structural analysis of the minimal XPF-ERCC1 interaction 

domain reveals the absence of the second helix-hairpin-helix (HhH) domain of XPF, 

due to the deletion of one residue within the hairpin region. Here we show that in 

contrast to the corresponding domain of ERCC1, XPF binds specifically to ssDNA in 

a non-sequence dependent fashion, but with a slight preference for guanine 

nucleotides. Homodimeric XPF HhH domain is able to bind to Holliday junction 

substrates but failed to bind specifically to telomere substrates. NMR experiments 

demonstrated the presence of two separate non-overlapping DNA binding domains in 

the XPF-ERCC1 heterodimer that could be bound simultaneously, where ERCC1 

binds dsDNA and XPF binds ssDNA. Based on the sequence conservation, charge 

distribution, site-directed mutagenesis and NMR chemical shift perturbation (CSP) 

data mapped on the XPF-ERCC1-ss/ds DNA structural model, we propose that the 

XPF binds to the non-damaged DNA strand. Our results suggest that the two separate 

DNA binding surfaces in the HhH domains of XPF and ERCC1 proteins together 

perform the ss/dsDNA junction recognition and thereby dictate the incision position. 

 

Introduction  

Structure specific endonucleases are molecular scissors that help to process damaged 

DNA generated during transcription, replication, repair and recombination reactions 

(Nishino & Morikawa, 2002). The mechanism by which endonucleases discriminate 

and cleave damage DNA and bypass normal DNA is essential for quality control of 

genetic material in all organisms (Lindahl & Wood, 1999). Nucleotide excision repair 

(NER) is a highly conserved multistep cut and paste mechanism that can remove the 

DNA helix distorting (Thy-Thy) covalent dimer introduced by UV light (Sancar, 

1996a). NER factors are specialized in verifying and dispatching helical distortions 

and transcription interfering lesions, which destabilize the regular DNA structure. The 

presence of defective NER genes results in extreme sensitivity to UV radiation, early 

aging and hereditary diseases such as, Xeroderma Pigmentosum, Cockyane Syndrome 

and Trichothiodystrophy (Cleaver & Revet, 2008; Kraemer et al, 2007).  

Two structure specific endonucleases XPF-ERCC1 (Sijbers et al, 1996a) and 

XPG (Mocquet et al, 2008) make the 5‘ and 3‘ incisions respectively, at the opposite 

ends of damaged lesion (de Laat et al, 1999; Miura et al, 1996). The activity of these 

endonucleases is regulated and coordinated by the action of 25-30 proteins, 

participating in both global genome and transcription-coupled repair: two sub-
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pathways of nucleotide excision repair (Araujo & Wood, 2000; Friedberg, 2003; 

Hanawalt, 2002). Human XPF-ERCC1 is a heterodimeric complex, discovered 

initially through its role in NER pathway (Sijbers et al, 1996a). Subsequently, 

additional tasks of the XPF-ERCC1 complex were confirmed for other genome 

regulatory pathways as well, including homologous recombination (Ahmad et al, 

2008), single-strand annealing (Al-Minawi et al, 2008), inter-strand crosslink repair 

(Fisher et al, 2008; Kuraoka et al, 2000a), telomere maintenance (Munoz et al, 2005; 

Zhu et al, 2003), gene targeting (Niedernhofer et al, 2001) and in L1-

retrotransposition (Gasior et al, 2008b). The functional importance of the obligatory 

heterodimerization by XPF-ERCC1 is underscored by the similar phenotypes 

obtained for the targeted disruption of either the ERCC1 or XPF gene in animal 

models (McWhir et al, 1993; Tian et al, 2004; Weeda et al, 1997). Structural studies 

using the minimal XPF-ERCC1 interaction domain provided an explanation for the 

obligate heterodimer formation by showing that the C-terminal domains adopt a 

double helix-hairpin-helix (HhH) conformation (de Laat et al, 1998c; Gaillard & 

Wood, 2001; Tripsianes et al, 2005), that contribute to heterodimer stability (Choi et 

al, 2005; Tripsianes et al, 2005; Tsodikov et al, 2005). Notably, the HhH motif of 

XPF protein serve as an scaffold for ERCC1 folding, as the latter protein is unable to 

adopt a folded conformation in the absence of XPF. Importantly this XPF-ERCC1 

domain binds with relatively high affinity to various DNA sequences that were 

previously shown to permit cleavage by the full length XPF-ERCC1 proteins (de Laat 

et al, 1998a; Sijbers et al, 1996a). Together these data indicate that this interaction is 

functionally important and suggests that the HhH domain of ERCC1 and XPF 

together perform a crucial role in substrate recognition.   

Recently we found that the isolated HhH domain of XPF, is able to form a 

highly stable homodimer (Das et al, 2008), adopting a canonical HhH fold despite the 

absence of the conserved second hairpin. In vivo the human full length XPF is not 

known to form homodimers, while the archaeal homologues can, at least in part 

through the HhH domain (Nishino et al, 2003), exist as homodimers (Newman et al, 

2005; Nishino et al, 2003; Nishino et al, 2005). This suggests that the ability to form 

homodimers is an ancestral phenomenon that is possibly lost in eukaryotes upon 

duplication of the XPF gene. The two gene products evolved to the obligate XPF-

ERCC1 heterodimeric complex, where the ERCC1 was shown to be crucial for DNA 

binding (Tripsianes et al, 2005), while the XPF is required for catalysis (Enzlin & 

Scharer, 2002). Recently, others and we have shown that the ERCC1 central domain, 

acquired a novel function by interacting with XPA protein and single-strand DNA 

(Tripsianes et al, 2007; Tsodikov et al, 2007). Importantly, the overall fold of these 

two domains remained identical, yet the key residues required for catalysis were 
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substituted for completely distinct residues now involved in XPA binding (Tripsianes 

et al, 2007; Tsodikov et al, 2007). A similar situation might also be the case for the 

HhH domain of the eukaryotic XPF protein. While the ancestral gene in this domain 

was needed to bind DNA, as is the case with the archaeal XPF protein (Newman et al, 

2005), our previous DNA binding studies revealed that the human XPF HhH domain 

contributed marginally to DNA binding (Tripsianes et al, 2005). Thus it is possible 

that also the HhH domain of XPF throughout evolution acquired the ability to fulfill a 

novel function that is distinct from that performed by the corresponding domain of 

ERCC1 or the archaea bacteria.  

We here show that the XPF homodimer binds tightly to ssDNA. Furthermore 

we observed structure-specific DNA binding activity by XPF homodimers to hairpin, 

bubble, fork and Holliday junction substrates. The XPF binding to substrates, 

containing two stretches of 5-10 unpaired nucleotides or an ssDNA fragment of more 

than 30nt (nucleotide) indicates that the DNA interacts with the two binding surfaces 

simultaneously. Although binding to DNA is not sequence specific, binding to a 

guanine stretch is better than to adenosine, thymine or cytosine sequence. This is in 

accordance to recently determined structure of XPF homodimers bound to 10nt 

single-strand DNA, showing mainly phosphate backbone contacts but few base 

specific contacts with guanine nucleotides (manuscript in preparation, chapter3). 

Based on this structure and chemical shift perturbation for the XPF homodimer and 

the XPF-ERCC1 heterodimer and binding studies using mutated XPF proteins we 

propose a model for both the binding of the HhH domains of the XPF-ERCC1 

heterodimers, where ERCC1 is involved in dsDNA binding and XPF is required for 

the correct positioning on the ss/dsDNA junction by the ability to bind ssDNA. 

 

Results  

It has been shown that the C-terminal domains of XPF and ERCC1 are indispensable 

for heterodimer function and stability (de Laat et al, 1998c). The C-terminal domains, 

like the full length XPF-ERCC1 heterodimers, can form a stable complex with 

various single-double strand junction containing DNA substrates, like bubble, hairpin 

and fork (de Laat et al, 1998a; Park et al, 1995; Tripsianes et al, 2005). This indicates 

that structure specific DNA binding by the XPF-ERCC1 heterodimer is dependent on 

the HhH domain region (Tripsianes et al, 2005). We previously reported that the HhH 

domains of XPF could, in contrast to those of ERCC1 or either of the two full length 

proteins form homodimers (Das et al, 2008). This tempted us to test whether also the 

homodimeric HhH domain of XPF is able to bind to DNA and thereby elucidate how 

XPF contributes to substrate recognition when present as a heterodimer with ERCC1. 
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We tested the binding to the bubble10 (B10) substrate, shown before to allow 

complex formation with the XPF-ERCC1 heterodimer. Surprisingly the XPF 

homodimer binds significantly more tightly to this substrate Figure 2(A,B), than the 

XPF-ERCC1 heterodimer (Figure 2A) (Tripsianes et al, 2005). Quantification 

revealed an apparent Kd of 0.5±0.1 M (Figure 2b) being more than one order of 

magnitude less than reported for the heterodimer (Tripsianes et al, 2005).   

 

The homodimeric HhH domain of XPF binds cooperatively to probes containing 

ssDNA sequences  

To be able to evaluate the binding preferences for various probes we performed a 

competition experiment, where an excess of non-radiolabeled B10 oligonucleotide is 

added to the reaction mixture. As shown in Figure 2C, binding of XPF to radiolabeled 

B10 is effectively competed by a non-labeled oligonucleotide, showing the predicted 

inverse exponential behavior.  

 

 

Figure 1  

Probes used for DNA binding and competition experiments with the HhH domain 

of XPF. The names, symbols, abbreviations, and sequences of the various probes 

used in this study are given. The dsDNA probes are depicted as duplexes where 

the sequence of the upper strand is given 5’ to 3’ and the lower strand 3’ to 5’. All 

ssDNA sequences and the 4 strands that together from the Holliday junction are 

all given 5’ to 3’. 



Structure specific DNA binding by XPF homodimers  
 

 87

 

The affinity of XPF for various substrates can now be analyzed by comparing 

the effectiveness of various concentrations of these substrates in competition for XPF 

binding to B10 substrate, relative to the competition found by the addition of various 

concentrations of B10 substrate.Using this competitive EMSA, (oligonucleotides used 

are described in Figure 1, we show that XPF fails to bind to dsDNA or short ssDNA 

probes, while probes containing single-double strand junctions or longer ssDNA 

fragments (39mer) are good substrates for the homodimer. Interestingly, for the 

bubble and hairpin substrates the length of the ssDNA stretch influences the affinity. 

H20 and B10 are better substrates than probes containing longer or shorter ssDNA 

stretches indicated in Figure 3. Also a splayed arm with two ssDNA sequences is a 

better substrate than a DNA fragment containing one-ssDNA strand (data not shown). 

These data together indicate that the XPF homodimer binds to ssDNA. If both binding 

surfaces can bind simultaneously to DNA as is the case with long ssDNA fragments 

or conformationally restricted DNA containing two ssDNA stretches, a stable 

complex is formed. If only one XPF molecule can bind one substrate as is the case for 

short ssDNA stretches or hairpin or bubble substrates with short ssDNA stretches, a 

lower binding affinity is found.  

 

Figure 2 

Binding of the HhH domain of XPF to B10 substrate. A) Electrophoretic mobility shift 

assay showing the binding of 0.1, 0.3, 1.0, 3.3, 10 M of XPF (left panel) or XPF-

ERCC1 (right panel) to ~0.02 M radio-labeled B10 substrate. Unbound DNA (F) 

and XPF-DNA complex (C) are indicated. Below this panel an SDS PAGE is shown of 

the XPF and ERCC1/XPF (E/X) samples used for this binding experiment. B) 

Quantification of a representative DNA binding experiment of XPF bound to the B10 

substrate. C) Fraction B10 bound by 1.25 M XPF as a function of the absence (0) or 

presence of 0.08, 0.12, 0.18, 0.26, 0.40, 0.59, 0.89, 1.33 and 2.0 M non-labeled B10 

oligonucleotide. The inset shows the autoradiogram of the corresponding experiment. 
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Holliday junction binding by the homodimeric HhH domain of XPF  

The observed structure specific binding is in accordance with other HhH domain 

containing proteins including UvrC (Singh et al, 2002) and RuvA (Ariyoshi et al, 

2000). The HhH domain of the later protein is required for Holliday junction binding 

(Ariyoshi et al, 2000).  

Figure 3  

Structure specific binding of the HhH domain of XPF to probes containing single-

double strand junctions. Autoradiogram of a representative competition experiments 

(upper panel) and quantification of these competition experiments (lower panel). 

Approximately 1 M XPF is in the absence (-) or presence of 0.2 or 2 M of the 

indicated non-labeled probes bound to 0.02 M B10 substrate. Relative competition 

efficiency is determined by quantification of the fraction bound in the presence of 

competitor. The ability to compete for B10 binding is compared with the competition 

obtained with non-labeled bubble10 substrate as shown in Figure 1C. Using non-

linear regression methods this curve is fitted and the competition obtained in the 

presence of the amount of heterologous probe is compared with the amount of B10 

probe required to obtain the same inhibition of binding. E.g. a 10 fold relative 

competition efficiency means that 10 times more probe is required to obtain the same 

inhibition of binding by a given concentration of bubble10 competitor. If no 

competition is obtained at the highest amount of competitor, relative competition 

efficiency for this sequence is indicated to be more than 500 fold less effective. 

Average and standard deviation is the result of 4 independent experiments. 
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A similar substrate preference could be expected for the HhH domain of XPF, 

given the function of the XPF homologs Mei-9 and Mus81 in meiotic cell division 

(Carpenter, 1982). Furthermore the yeast Mus81 protein is essential for meiosis and is 

important for the resolving Holliday junctions (Hanada et al, 2007). We therefore 

tested the ability of the XPF homodimers to bind to a Holliday junction substrate 

shown in Figure 4 (A,B). In competition experiments a 7.7±0.7 fold higher affinity is 

observed. However, since this substrate is produced by annealing 4 individual oligo´s, 

the presence of ssDNA cannot be excluded. Furthermore, binding of XPF to this 

substrate might possibly induce branch migration and thereby ssDNA formation 

which in turn can serve as a substrate for XPF. Therefore binding was performed to 

radiolabeled gel-purified Holliday junction substrate. As shown in Figure 4B, binding 

to this probe is comparable with the binding to ssDNA or bubble10 substrate. No 

faster migrating complexes were formed that could indicate the occurrence of XPF-

dependent strand separation. Together these experiments show that the heterodimeric 

human HhH domain of XPF is unable to support branch migration/resolving but can 

bind effectively to a Holliday junction substrate. 

 

Sequence preference of the homodimeric HhH domain of XPF 

Competition experiments were performed with 4 different 39 nucleotides containing 

ssDNA fragments. Although all fragments were able to compete for binding to a 

similar extent, small differences were found in Figure 5(A).  

Figure 4 

The HhH domain of XPF binds to Holliday junction substrate. A) Competition 

of XPF binding (1.25 M) to B10 substrate using non-labeled Holliday junction 

substrate as described in Figure 1C. B) Binding of XPF to gel purified Holliday 

junction substrate (concentrations as in Figure 1A). 
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As this indicates a possible substrate preference, we performed competition of 

XPF binding to B10 probe with poly dG, dT, dC probes of various length. 

Competition with poly dA was not possible as this probe forms a heteroduplex with 

the poly dT stretch of the B10 probe. Unexpectedly, irrespective of the probe length, 

polyG probes are better substrates for XPF homodimers than polyT or polyC [cf. 

Figure 5(B)]. Quantification reveals a 4 fold higher affinity for dG20 than dT20 and 

dC20. To confirm the binding preference of the homodimeric HhH domain of XPF we 

performed a competition experiment using 20 nucleotides homopolymer ssDNA 

Figure 5 

The HhH domain of XPF binds preferentially to guanine-rich substrates. A) Binding of 

1.25 M XPF in the presence of 0.2 or 2.0 M of four distinct 39nt ssDNA probes. B) 

Competition of XPF binding to B10 substrate in the presence of 10 M of oligo dT, dG 

and dC of 6, 10 or 20 nucleotides. C) Competition of XPF binding to ss39 probe in the 

absence (-) or presence of 0.02, 0.2, 2 or 20 M poly dG20, dA20, dT20, dC20 and ss39 

DNA. The left panel shows the autoradiogram of a representative competition 

experiment, the right panel shows the quantification (as described in figure 2) of the 

fraction bound at the indicated concentration competitor of a representative 

competition experiment. In the absence of competitor fractional occupancy is 

0.58±0.02. 



Structure specific DNA binding by XPF homodimers  
 

 91

substrates to a 39nt ssDNA probe. Again XPF binds best to poly-dG substrates, 

[Figure 5(C)]. Surprisingly the dA20 is at least an order of magnitude less effective in 

the competition experiment than the other ssDNA sequences. At present we cannot 

rule out that part of this nucleotide preference is the result of difference in DNA 

conformation of the various polynucleotide sequences. 

 

The HhH domain of XPF homodimers can bind to telomere sequences 

In mammalian cells chromosomes terminate in tandem arrays of short non-coding 

DNA hexanucleotide repeat sequence, TTAGGG known as telomeres (Munoz et al, 

2005; Zhu et al, 2003). Telomeres are evolutionarily conserved among eukaryotes, 

consist of G-rich single-stranded 3’ overhangs, nearly 30 bp long (Henderson & 

Blackburn, 1989). Zhu et al demonstrated that XPF-ERCC1 is required for 3’-end 

removal of uncapped telomeres (Zhu et al, 2003). Furthermore XPF-ERCC1 can 

interact with telomere binding proteins and have been reported to be present at 

telomeres (Munoz et al, 2005; Zhu et al, 2003). All these results argue that the 

heterodimeric XPF-ERCC1 is critical for telomere maintenance (Munoz et al, 2005; 

Zhu et al, 2003). However, the exact role if any, of XPF-ERCC1 in binding to 

telomere repeats is unknown. Above we found that XPF homodimers have preference 

for G-rich DNA sequences indicated in Figure 5. Therefore we tested the ability of the 

HhH domain of XPF to bind to telomere sequences.  

Competition experiments were performed using single a telomere sequence 

TTAGGG, the C-rich complementary strand (CCCTAA), a split telomere probe 

(GGGTTA) and a randomized sequence (GAGCTA). Even in the presence of 25 M 

ssDNA only marginal competition was observed for any of the 4 sequences shown in 

Figure 6 (A,B). However, if two copies were used competition was found. The 

telomere sequences were significantly better in competing for XPF binding to B10 

probe than the randomized sequence. Despite small experimental variations, no 

significant differences in binding affinities were found between the G- or C-rich 

strands.  

To compare the ability of the telomere containing sequence with a poly 

thymine stretch of equal length, two copies of the G-rich telomere sequence were 

inserted in either the bubble or splayed arm probe. Competition experiments revealed 

that the corresponding dT12 substrates were equally effective as the double telomere 

sequences, and confirm in agreement with results shown above, that the bubble probe 

is a better substrate for homodimeric XPF than the splayed arm. Together these 

observations indicate that XPF can bind to the telomere sequence but not with a 

significantly higher affinity than to other ssDNA probes of equal length. 
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XPF binds ssDNA in the heterodimeric XPF-ERCC1 complex 

The previously identified preference for the ssDNA/dsDNA junction containing 

substrate for the XPF-ERCC1 heterodimer (de Laat et al, 1998a; Sijbers et al, 1996a) 

and the binding preference of homodimeric XPF for single-strand DNA described 

above [cf. Figures (2-6)], raises the question whether XPF can bind ssDNA also in the 

XPF-ERCC1 heterodimeric complex. Previously we performed NMR titrations using 

a H22 substrate to determine the DNA binding surface for the XPF-ERCC1 complex 

(Tripsianes et al, 2005). Most pronounced shifts were found within a positively 

charged surface patch formed by the two hairpin domains of ERCC1, and only few 

shifts were found in XPF interpreted as nonspecific (Tripsianes et al, 2005).  

The observation that homodimeric XPF can bind to ssDNA allowed us to 

determine the solution structure of XPF bound to a 10nt (nucleotide) ssDNA. 

Knowing the ssDNA interface we found that few XPF residues, e.g. Leu
855

, Val
859

, 

Figure 6 

The HhH domain of XPF binds non-specifically to telomere sequence. 

Competition as described in Figure 4 by 25 M of the G-rich telomere probe 

(Tg: TTAGGG), the inverted telomere probe (Tin: GGGATT), a split telomere 

probe (Tsp: GGGTTA), the C-rich telomere sequence (Tc: CCCTAA) or a 

randomized sequence  (R: GAGCTA) of the indicated number of repeats. For 

comparison competition by 0.01, 0.05 and 0.25 M B10 substrate is shown. B) 

Competition by 0.02 and 0.2 M bubble (B) or splayed arm (F) substrates 

containing either 12 thymine (12T) or 2 copies of the G-rich telomere sequence 

(Tg2: TTAGGG2). For comparison competition by equivalent amounts of bubble 

20T is shown. 
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Lys
860

 and possibly His
858

, were affected by the addition of H22 DNA to the XPF-

ERCC1 heterodimer. However not all surface residues that form the ssDNA binding 

surface in the homodimeric complex, such as Lys
850

, Arg
853

, Met
856

, His
857

 were 

affected (Supplementary Figure 1). This distinct binding surface suggests that either 

XPF is unable to bind ssDNA in the heterodimeric complex or that the distinct DNA 

sequences cause distinct chemical shift differences in the two complexes. To test this 

we first established whether heterodimeric XPF-ERCC1 could bind to the ssDNA 

probe in vitro. Due to the low affinity we were unable to demonstrate binding in 

EMSA experiments (data not shown). However, NMR experiments show binding to 

this ssDNA sequence Figure 7(A). Comparing the phosphorous (
31

P) NMR spectrum 

of the ssDNA in the absence and presence of an excess XPF-ERCC1 heterodimer 

reveals significant chemical shift perturbation of the DNA phosphate backbone 

indicative of the complex formation, is shown in Figure 2 in the supplement.  

By analyzing the amide chemical shift values for the free and ssDNA-bound 

XPF-ERCC1 complex we found a similar region of XPF to be affected by the 

addition of ssDNA, involving the helix  and the following loop region. Important 

residues Met
856

, His
857

 and His
858

 that form the ssDNA-binding surface in the XPF-

ssDNA complex (manuscript in preparation, Chapter3), were either broadened or 

overlapped and their unambiguous assignments were prevented in the XPF-ERCC1 

complex, shown in Figure 7(A-C). Importantly, the dsDNA binding surface of 

ERCC1 was not affected by ssDNA while few isolated residues were influenced by 

the addition of ssDNA. These experiments clearly demonstrate the ability of XPF to 

bind ssDNA in the heterodimeric XPF-ERCC1 complex. To show that ERCC1 binds 

preferentially to dsDNA we performed a binding experiment using a splayed arm 

substrate containing the same dsDNA sequence as used before with the arms 

containing the ssDNA sequence that was used to determine the XPF-ssDNA structure. 

NMR studies revealed both phosphorous (data not shown) and amide chemical shift 

changes upon complex formation, shown in Figure 7(B). The amide resonance 

perturbations observed on XPF largely resemble the binding surface identified for the 

ssDNA sequence for both the homodimeric XPF and the heterodimeric XPF-ERCC1 

protein. Furthermore a large portion of the previously identified dsDNA-binding 

surface was affected by the addition of this DNA fragment. Most pronounced shifts in 

ERCC1 were found in the two hairpin regions encompassing Lys
243

-Thr
247

 and 

Gly
276

-Gly
278

. Again significant broadening and overlap of residues e.g Lys
247

, Leu
271

, 

Ala
272

 prohibited to establish that ERCC1 binds to the two dsDNA containing probes 

with identical residues. 
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These experiments clearly establish that the ERCC1 hairpin region is involved 

specifically in dsDNA and not in ssDNA binding. The dsDNA sequences are 

Figure 7 

 Separate DNA binding surfaces in ERCC1 and XPF for dsDNA and ssDNA, 

respectively. A) 
15

N HSQC spectrum of the XPF-ERCC1 HhH domains in the absence 

(red) and presence (cyan) of ssDNA (left panel) and/or splayed arm DNA (right panel). 

The * refers to the Arg
853

 side chain observed in the presence of ssDNA. B) Normalized 

chemical shift changes for ERCC1 (red) and XPF (blue) by the addition of DNA. C) Two 

views of the XPF-ERCC1 structure rotated by 180°, to which DNA is added. The ssDNA 

is placed on the heterodimer structure based on the structure of the XPF homodimer 

bound to ssDNA (chapter3). Hairpins of ERCC1 are positioned on the dsDNA. A ribbon 

representation of the XPF-ERCC1-ss/ds DNA model is depicted on the left. The observed 

chemical shift changes (B) are plotted on the surface, all residues (~ 25) that were 

significantly affected (Average chemical shift plus 1 standard deviation) were colored 

red. The most affected residue is colored in red the other residues were colored relatively 

to this maximum chemical shift in red shades. Residues shown to be affected in other 

NMR titration experiments but could not be assigned unambiguously are colored in blue. 

For comparison the chemical shift perturbation for the same ssDNA sequence on the 

XPF dimer is shown.  
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recognized in comparable but not identical manner as quantitative differences were 

found for these hairpin residues in the presence of the dsDNA containing fragments. 

 

Mutations in XPF weaken DNA binding activity  

The NMR titration experiments led to the determination of two distinct binding 

surfaces in XPF and ERCC1 [cf. Figure 7(C)]. Thus it can be anticipated that both 

could be occupied simultaneously during DNA repair complex formation. Our present 

NMR data fail to show how the HhH domains of XPF-ERCC1 could bind a DNA 

repair intermediate simultaneously; detailed structural analysis would be needed to 

answer this question. However by performing in vitro binding studies using XPF HhH 

domain mutants we could attempt to elucidate whether XPF would recognize the 

damaged or the non-damaged strand. Using these mutants we could identify residues 

that additionally contribute to DNA binding and thereby determine whether the 5’ or 

3’ end of the ssDNA strand is most probably linked to the dsDNA. XPF residues 

targeted for mutagenesis were selected based on the large chemical shift changes 

found in all titration experiments (Lys
860

, His
857

) or because (smaller) significant 

changes were obtained with different probes for amide residues outside the ssDNA 

binding domain (Asn
834

, Gln
838

, Asp
839

). Also residues were selected surrounding the 

determined ssDNA binding surface (Asp
871

, Ile
876

, Asn
848

). Attempts to measure DNA 

binding affinities of these mutants using the XPF-ERCC1 heterodimeric complex 

were not successful due to low binding affinity and demanding sample requirements 

to perform these DNA binding experiments.  

 

Figure 8 

XPF mutants bind weaker to ssDNA. Left panel shows a representative 

electrophoretic mobility shift assay of the binding of equal amounts of wild type (wt) 

and the indicated XPF mutants to radio labeled B10 probe. The right panel shows the 

quantification of three independent experiments, calculated as average binding (+/- 

standard deviation) relative to the binding found for wild type XPF. 
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We therefore took advantage of the high affinity of XPF for the B10 probe to 

determine crucial XPF residues required for ssDNA binding, shown in Figure 8. We 

find a small decrease in DNA binding affinity for the ssDNA binding surface mutant 

H857A. Additional experiments are currently underway to evaluate other ssDNA 

binding surface mutations. Mutation of the residues Gln
838

, Asp
839

 and Asn
848

, 

surrounding the presently identified ssDNA binding surface, significantly affected the 

affinity for the bubble substrate, while mutation of Asp
871

, Ile
876

 and Lys
860

 only 

marginally affected the ability to bind to DNA. Finally we also find lower affinity for 

the Asn
834

Ala mutant, which may be due to lower protein stability as these residues 

are part of the dimer interface. Together our EMSA experiments using various 

substrates and XPF mutants, combined with NMR experiments and the structural 

interpretation of these observations suggest that the XPF-ERCC1 heterodimer binds 

to single-double strand DNA junctions where XPF specifically recognizes ssDNA and 

ERCC1 binds to dsDNA. 

Discussion  

The obligate XPF-ERCC1 heterodimer is essential for the DNA damage removal 5’ to 

a lesion (de Laat et al, 1998c; Gaillard & Wood, 2001). Biochemical and structural 

studies provided a detailed insight into the obligate heterodimer formation mechanism 

by showing that C-terminal double helix-hairpin-helix region of these two proteins is 

required for complex formation (Tripsianes et al, 2005; Tsodikov et al, 2005). Our 

previous functional studies revealed that ERCC1 is responsible for DNA binding 

(Tripsianes et al, 2005). We now provide an explanation for the substrate preference 

of the XPF-ERCC1 heterodimer by showing that XPF can bind ssDNA both as 

homodimer and in the heterodimeric XPF-ERCC1 complex. The XPF homodimer 

binds ssDNA in a non-sequence specific fashion, with preference for substrates 

containing two ssDNA extensions [Figure (2 and 3)]. The homodimer can also bind to 

Holliday junction substrate [cf. Figure 4(A,B)], does not have binding preference for 

telomere over other ssDNA sequences [Figure (6)], but has some preference for 

guanine rich sequences [Figure 5(C)]. NMR titrations revealed that XPF irrespective 

whether present as homo- or heterodimeric complex binds a short ssDNA sequence 

using the same surface. Importantly, this sequence did not bind to the previously 

determined dsDNA binding surface (Tripsianes et al, 2005). By using a splayed arm 

probe we show that the two nucleic acid binding surfaces for dsDNA and ssDNA of 

respectively ERCC1 and XPF within the heterodimeric protein can be bound 

simultaneously. 
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ssDNA binding by the  HhH domain of  XPF homodimers 

All presently available experimental data support the notion that in vivo ERCC1 and 

XPF form obligate heterodimers (Gaillard & Wood, 2001). However, we found that in 

vitro the HhH domains of XPF were able to form a homodimeric complex that 

appeared significantly more stable than the heterodimeric counterpart (Das et al, 

2008). Preliminary attempts to prepare other domains from XPF in isolation failed, 

while soluble complexes were obtained when XPF domains were co-expressed with 

ERCC1. These experiments argue that the formation of homodimeric HhH domain 

structure is prevented in the full length XPF protein by other domains and the ability 

to form HhH domain homodimers might be a reminiscent characteristic from the 

ancestral XPF protein that was able to form homodimers in part through the HhH 

domain. To elucidate the role of the HhH domain in the heterodimeric context we 

took advantage of the ability of the XPF HhH domain to form homodimers to study 

its function.  

In vitro DNA binding experiments demonstrated a clear preference of XPF for 

ssDNA substrates (Figure 2, 3), a probe that did not permit XPF-ERCC1 binding in 

vitro (Tripsianes et al, 2005). The presence of two separate DNA binding domains in 

XPF facilitates high affinity DNA binding to either long ssDNA substrates or probes 

containing two conformationally restricted ssDNA fragments. These data suggest that 

the two XPF binding surfaces contact one DNA molecule simultaneously and that the 

binding affinity to smaller ssDNA sequences is too weak to be detected in EMSA 

experiments. The binding profile as found in NMR titration experiments for the XPF 

homodimer with a 10nt ssDNA fragment support this notion. Although all ssDNA 

sequences tested were suitable substrates for XPF, guanosine stretches were more 

effective than thymidine or cytidine, and adenosine was a poor substrate in 

competition experiments. This suggests that DNA binding affinity and thereby the 

ability to repair damaged DNA is not entirely sequence-independent. Despite the 

absence of evidence in vivo, a few in vitro studies suggest that cleavage is not 

completely sequence independent: cleavage of an identical sequence where an 

acetylaminofluorene adduct positioned at three distinct guanines led to significant 

variation in incision efficiency (Mu et al, 1994). Similar differences in repair 

efficiency were found for benzo[a]pyrenyl-guanine lesion placed at various positions 

(Cai et al, 2007; Cai et al, 2009). Finally De Laat et al presented evidence for 

sequence specificity in incision reactions by showing that two splayed arm substrates 

with distinct sequence composition around the junction were cleaved at distinct 

positions in the stem sequence arguing that the incision position is somewhat dictated 

by the DNA sequence surrounding the lesion (de Laat et al, 1998a).  
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The HhH domains of XPF-ERCC1 recognize the ss/ds DNA junction  

The recently determined crystal structure of A. pernix XPF bound to DNA provides 

detailed insight into the incision reaction by XPF in the archaea bacteria (Newman et 

al, 2005). However, extrapolation of this structural information to eukaryotic repair 

factors is complicated, considering the distinct subunit composition and substrate 

specificity of the two complexes. In vitro cleavage assays revealed preference of 

archaeal XPF for flap substrates, while XPF-ERCC1 most effective processes 

splayed-arm substrates (de Laat et al, 1998a; Newman et al, 2005). How this 

heterodimeric protein complex recognizes ss/dsDNA junctions is an unanswered 

question (Ariyoshi et al, 2000). Our previous DNA binding studies revealed that the 

HhH domains of XPF-ERCC1 show a similar substrate specificity as the full length 

proteins (de Laat et al, 1998a), arguing that the HhH domain is required for the 

substrate recognition (Tripsianes et al, 2005). Using NMR spectroscopy we 

demonstrated the presence of a DNA binding site within ERCC1, located near the tip 

of the two hairpin structures (Tripsianes et al, 2005). This mostly conserved binding 

surface is similar to previously identified regions that contact DNA in other HhH 

domain proteins (Nishino et al, 2005; Shao & Grishin, 2000) including the archaeal 

XPF (Newman et al, 2005). For this homodimeric XPF protein it was proposed that 

the HhH domains of the two monomers bind the two dsDNA sequences of a flap 

substrate (Newman et al, 2005).  

The structural homology suggests functional similarity supporting the notion 

that ERCC1 binds to dsDNA. Using the proposed model based on the structure of the 

AP-XPF homodimer (Newman et al, 2005), and knowing the polarity of the XPF-

ERCC1 heterodimer it can be expected that ERCC1 binds at the upstream dsDNA 

sequence placing the catalytic domain of XPF in a suitable position to cleave the 

damaged DNA strand (Newman et al, 2005; Tripsianes et al, 2007). This model does 

not provide an explanation for the substrate preference, suggesting that ssDNA 

recognition of either the damaged or the non-damaged strand by the HhH domain of 

XPF might be crucial for specificity. An alternative model was proposed by Tsodikov 

et al (Tsodikov et al, 2005) arguing that both the HhH domains of ERCC1 and XPF 

contain an independent ssDNA binding surfaces that  can simultaneously bind to the 

two arms of the DNA substrate. Our NMR titration studies using H22, ssDNA and 

splayed arm substrates clearly argue against this model as ssDNA is preferentially 

bound by XPF and not by ERCC1, while ss/dsDNA containing probes next to this 

XPF surface also bind to the dsDNA binding surface similar to the region expected 

for ERCC1, based on the archaeal homodimer structure. We therefore assume that 

ERCC1 binds dsDNA and XPF can simultaneously bind ssDNA. This does not 

exclude that also other regions of XPF-ERCC1 or other repair proteins contribute to 

substrate specificity. Indeed we and others reported that also the central domain of 
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ERCC1 contains an ssDNA binding surface (Tripsianes et al, 2007; Tsodikov et al, 

2007). Finally, also RPA and XPA that bind to ssDNA and interact with ERCC1 can 

contribute to XPF-ERCC1 positioning on the DNA (Buchko et al, 2001; de Laat et al, 

1998b). The presence of multiple weak DNA binding surfaces within this DNA 

repair-complex together facilitate correct positioning of the nuclease domain with 

respect to the damage site and prevent inappropriate substrate recognition.  

 

XPF binds to the non-damaged strand 

To elucidate which strand is bound by XPF we modeled the ssDNA sequence into the 

XPF-ERCC1 heterodimer structure based on the previously determined solution 

structure of homodimeric XPF bound to ssDNA (Chapter 3). The gap between the 

dsDNA and the ssDNA can either be extended from the 5’ or 3’ end of the ssDNA. As 

a result XPF can bind either the damaged or the non-damaged strand, respectively. By 

combining the chemical shift perturbation results for the fork substrate, the effect of 

mutagenesis on the ability of XPF to bind ssDNA, and the charge and sequence 

conservation we propose that XPF recognizes the non-damaged strand as shown in 

Figure 9. The most conserved residues are located near the 3’ end of the ssDNA 

including the second distorted hairpin and several residues in between the ssDNA and 

dsDNA binding region (Thr
240

, Asn
246

). Chemical shift values for several of these 

residues or neighboring ones were affected by the addition of a splayed arm substrate 

(eg. Lys
243

, Met
856

). Also the significant decrease in ssDNA binding by XPF of the 

Asn
848

Ala and Gln
838

Ala/Asp
839

Ala mutant and the overall positive charge of this 

surface argue that the 3’ end of the ssDNA connects to the dsDNA, indicating that 

XPF binds to the non-damaged strand. The much larger distance between this end of 

the ssDNA and the dsDNA, the poor conservation, the absence of chemical shift 

perturbations or absence of an effect of mutagenesis combined with the overall 

negative charge for this side of the XPF-ERCC1 molecule would make the connection 

between the 5’ end of the ssDNA and the damaged strand less plausible. The 

proposed XPF binding to the non-damaged strand agrees with the previously reported 

binding and incision preference of full length XPF-ERCC1, although this preference 

was only evident in the presence of RPA (de Laat et al, 1998b). 

 

Is there a role of XPF in sequence dependent incision?  

Following damage recognition by XPC, acting as a damage sensor by recognizing 

helical distortions on the non-damaged strand (Nishi et al, 2005a), the ATP dependent 

DNA unwinding by TFIIH (Coin et al, 2007) creates a DNA topology suitable for 

binding of RPA and XPA to the non-damaged and damaged DNA, respectively 

(Missura et al, 2001).  
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The substantial variation in both cleavage positions with respect to the damage 

and the length of the removed sequence suggest some heterogeneity in the cleavage 

mechanism (Araujo & Wood, 2000; de Laat et al, 1999). In analogy to the archaeal 

XPF-DNA complex, we propose that the HhH domains determine the positioning of 

the XPF-ERCC1 protein on the ss/dsDNA junction. The preference of the HhH 

domain of ERCC1 for dsDNA and that of XPF for ssDNA agrees with this 

hypothesis. We have further shown here a limited preference of XPF for guanine. The 

Figure 9 

Multiple sequence alignment of the ERCC1 (red) and XPF (blue) HhH domains, 

sequence similarity is shown by the box shading. Most similar residues are indicated as 

darker box shading. Secondary structure elements are indicated above the alignment. 

Surface representation as in Figure 7 shows sequence conservation, binding to a 

splayed arm DNA, mutagenesis results and the electrostatic potential. Sequence 

conservation calculated using Consurf website (http://consurf.tau.ac.il/) by importing 

multiple sequence alignment scores for the available eukaryotic repair proteins. Results 

are plotted on the structure of the XPF-ERCC1 according to the default coloring: most 

conserved red, least conserved cyan. Fork 10: Colored according to chemical shift 

perturbation by a Fork substrate (as shown in Figure 7). Mutation: DNA binding 

strengths for residues mutated are colored by comparing mutants and wild type XPF 

homodimer binding to the B10 DNA. Most affected blue, least affected light blue. 

Charge: colored according to electrostatic surface potential calculated using APBS 

(blue positive, red negative). 
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previously elucidated solution structure of XPF bound to ssDNA revealed a few base-

specific contacts between XPF and the guanine base, providing a rational for this 

preference. It is tempting to speculate that this minimal sequence preference of XPF 

dictates the binding of the XPF-ERCC1 complex. The presence of one or few specific 

nucleotides within the accessible ssDNA sequence (of the non-damaged strand) will 

in turn, through positioning of XPF-ERCC1 on the DNA, determine where the precise 

cleavage will occur. We propose that both the DNA sequence dependent differences 

in cleavage efficiency and the heterogeneity in the cleavage position could be the 

result of the sequence preference of the ssDNA binding domain of the HhH domain of 

XPF. 

 

Material and Methods 

Protein expression and purification: 

The HhH domain of the XPF-ERCC1 heterodimer (Tripsianes et al, 2005) and the 

homodimeric XPF HhH domain were expressed and purified as described before (Das 

et al, 2008). The XPF mutants were prepared using the QuickChange protocol 

(Stratagene). Purification of the mutant XPF proteins (and the wild type) was 

performed by heat denaturation. The wild type or mutant XPF was expressed as 

ERCC1/XPF heterodimer and purified by nickel affinity chromatography (Tripsianes 

et al, 2005). The essentially pure ERCC1/XPF protein was incubated for 5 minutes at 

95
o
C followed by 10 minutes centrifugation at 14000 rpm. The supernatant contained 

essentially pure XPF protein that behaved indistinguishable from XPF protein 

purified using the previously described procedure (Das et al, 2008). 

For protein-DNA titration 
13

C/
15

N labeled XPF-ERCC1 protein and unlabeled 

DNA were dissolved in the buffer containing 2mM sodium phosphate and 75-80 mM 

NaCl at a pH 5.3. DNA sequences were commercially purchased (Operon, 

Eurogentec) and the XPF-ERCC1 sample was prepared as described before 

(Tripsianes et al, 2005) 

 

Electrophoretic mobility Shift Assay 

EMSA experiments and were performed as described before (de Jong et al, 2008; 

Tripsianes et al, 2005) using the radio labeled B10 probe or Holliday junction as 

substrate in a buffer containing 10 mM Tris pH 7.5, 100 mM NaCl, 10 % glycerol, 1 

mM DTT and BSA (final concentration 20 g/ml). All oligonucleotides were 

purchased from Operon or Eurogentec and annealed (in a buffer solution containing 

10 mM Tris pH 8.0 and 100 mM NaCl) by incubating the two (or 4) mixed strands 

(final concentration: 50 μM) for 5 minutes at 95 °C followed by a cooling step for one 
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hour. For competition experiments the indicated amount of competitor (Figure 1) and 

the radio labeled probe were mixed in a tube and subsequently the protein containing 

solution (~[1 μM]) was added to this mixture. After incubation for 30 minutes on ice 

samples were loaded on a 0.5X TBE buffered 7.5%acrylamide gel and 

electrophoreses was carried out for 2.5 hours at 160 V at 4 °C (similar results were 

obtained at room temperature). Analysis and quantification was performed as 

described before (de Jong et al, 2008). 

 

NMR Spectroscopy 

For protein-DNA titration a set of
 15

N-
1
H HSQC spectra were acquired with the 

successive addition of single-strand (CAGTGGCTGA), double strand or splayed arm 

(GGGCGGCGGGCAGTGGCTGA and AGTCGTTGAGCCCGCCGCCC) (~500 μM) to 

the 
15

N labeled XPF homodimer or the 
13

C/
15

N labeled XPF-ERCC1 protein sample 

(100-200 μM). All data were processed and analyzed as described before (Tripsianes 

et al, 2005). All NMR data were recorded at 20.6 °C on a Bruker DRX600 

spectrometer equipped with a z-gradient triple-resonance cryoprobe or a Bruker 

Avance 900 spectrometer equipped with a 5 mm z-gradient triple-resonance probe. To 

compare the chemical shift changes on the DNA backbone with the addition of 

protein, 
1
H decoupled 

31
P 1D spectra on the free and bound DNA were acquired on a 

Bruker DRX spectrometer equipped with a QXI probe.  
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 Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1  

Chemical shift perturbation results as described before (Tripsianes et al, 2005) for H20 

binding to the HhH domain of the XPF-ERCC1 heterodimer and ssDNA to the HhH 

domain of the XPF homodimer (manuscript in preparation, chapter3) plotted on the 

surface as described in Figure 7.  

Supplementary Figure 2  

A comparison of proton decoupled 1D 
31

P spectra of the 10mer (CAGTGGCTGA) ssDNA 

phosphate backbone free (red) and bound (blue) to the XPF-ERCC1 protein. 
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Summary 

Cellular DNA is the carrier of genetic information. Therefore, maintaining genome 

stability is essential for the existence of all living organisms. Integrity of our genome 

is constantly threatened by a large variety of endogenous and exogenous agents, 

which generate a plethora of DNA lesions. For example, there can be deamination of 

cytosine to uracil, formation of 8-oxoguanine, single and double strand DNA breaks, 

aberrant methylation of guanines, mismatch base insertion and interstrand crosslink. 

These alterations modify the structure and the function of genomic DNA leading to 

cellular death and long term genomic instability and aging of multi-cellular organism. 

In order to survive genomic assaults, cells are equipped with several DNA repair 

mechanisms. One of the most versatile and conserved DNA repair mechanisms is 

nucleotide excision repair (NER). Nucleotide excision repair eliminates helix-

distorting DNA lesions, which mainly arise due to UV light. The molecular 

mechanism of NER is complex and it involves multiple proteins with distinct 

functions and interacting partners. One of the vital NER factors is the XPF/ERCC1 

complex, which makes an incision at the 5  side of the UV damaged DNA. The 

formation of an obligate XPF/ERCC1 heterodimer is indispensable for the in vivo 

stability and function of both XPF and ERCC1 proteins. The structural data on 

XPF/ERCC1 complexes is vital to understand the in vivo and in vitro function of the 

heterodimeric complex. In this thesis I provide detailed structural insight on the 

human XPF and ERCC1 complexes. Using mass spectrometry, CD and NMR 

spectroscopy, I have studied the protein-protein and protein-DNA complexes of the 

C-terminal double helix-hairpin-helix (HhH) domains of the human XPF and ERCC1 

proteins. 

Chapter 1 of this thesis provides a concise introduction on DNA repair 

mechanisms and NMR methods to study proteins, nucleic acids and protein-nucleic 

acid complexes. In chapter 2, we have compared the in vitro stabilities of the 

homodimeric and heterodimeric complexes of the C-terminal helix-hairpin-helix 

(HhH) domains of XPF and ERCC1. We find that XPF homodimers were 

significantly more stable than XPF/ERCC1 heterodimers. The observed differences in 

the stability can be explained by the presence of a larger protein-protein interface, 

more hydrogen bonds and additional aromatic stacking interactions found in the 

structure of XPF homodimers as compared to the structure of XPF/ERCC1 

heterodimers. In chapter 3 we have determined the structure of the complex of the 

XPF HhH domains bound to 10nt single strand DNA. In agreement with the findings 

of Tsodikov et al. that suggested a role for the XPF HhH domain in single strand 

DNA binding we find that the positively charged surface of the XPF interacts with the 

phosphate backbone of the single strand DNA. Furthermore, we noted that a guanine 
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base flips out and binds in a cavity formed by residues from the conserved first HhH 

motif and non-canonical second HhH motif. Part of this cavity is already preformed, 

but it widens since some protein side chains reorient upon complex formation. The 

cavity in XPF, that is not present in double HhH motifs of ERCC1, is the result of the 

altered conformation of the second HhH motif due to the deletion of one residue in 

the second hairpin of human XPF.  Based on our findings we propose a model to 

explain the binding of the XPF/ERCC1 heterodimer at the ss/ds DNA junction. In 

chapter 4 we have made use of the high affinity DNA binding by the double HhH 

domains of XPF homodimers to understand the substrate specificity of XPF/ERCC1 

heterodimers. First, we demonstrate in biochemical assays that the HhH domain of the 

homodimeric XPF can bind cooperatively to ssDNA and to structure specific DNA 

substrates like fork, bubble and Holliday junctions. Next we show by NMR 

spectroscopy that in XPF/ERCC1 heterodimers the XPF HhH domains can bind 

single strand DNA using the same charged surface as found for XPF homodimers. 

Also the XPF that was mutated at the residues identified by NMR showed reduced 

DNA binding activity. The present DNA binding study with the wild type and mutant 

XPF HhH domains complement the structural findings of Chapter 3. In conclusion, 

now we have a model to understand how XPF/ERCC1 binds at the ss/ds DNA 

junction. 
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Samenvatting 

DNA is de drager van erfelijke informatie. Daarom is het behoud van het genoom 

essentieel voor het bestaan van alle levende organismen. De integriteit van ons 

genoom wordt voortdurend bedreigd door een grote verscheidenheid van externe 

invloeden, die allerlei DNA-beschadigingen kunnen veroorzaken. Voorbeelden zijn: 

deaminatie van cytosine naar uracil, vorming van 8-oxoguanine, het breken van enkel 

en dubbel strengs DNA, abnormale methylatie van guanines, mismatch base plaatsing 

en interstrand crosslinken. Deze veranderingen wijzigen de structuur en de functie van 

het DNA en kunnen op lange termijn genomische instabiliteit en veroudering van 

multi-cellulaire organismes veroorzaken en  tot celdood leiden. Om aanvallen op het 

genoom te overleven zijn cellen uitgerust met verschillende DNA herstel 

mechanismen. Een van het meest veelzijdige en best geconserveerde DNA herstel 

mechanisme is nucleotide excisie reparatie (NER). Nucleotide excisie reparatie 

verwijdert DNA-beschadigingen, die de DNA helix struktuur verstoren en die 

voornamelijk ontstaan als gevolg van UV-licht. Het moleculaire mechanisme van 

NER is complex en omvat meerdere eiwitten met verschillende functies en 

interactiepartners. Één van de cruciale NER factoren is het XPF/ERCC1 complex, dat 

een incisie maakt in de 5’ kant van het UV-beschadigde DNA. De vorming van een 

XPF/ERCC1 heterodimeer is onmisbaar voor de in vivo stabiliteit en de functie van 

zowel het XPF als het ERCC1 eiwit. Structurele gegevens over de XPF/ERCC1 

complexen  zijn van essentieel belang om de in-vivo en in-vitro functie van het 

heterodimeer complex te begrijpen. In dit proefschrift verschaf ik gedetailleerde 

structurele inzichten in het XPF en ERCC1 complex van de mens. Met behulp van 

Massa-Spectrometrie, CD en NMR-spectroscopie, heb ik eiwit-eiwit en eiwit-DNA-

complexen van de C-terminale dubbele helix-hairpin-helix (HhH) domeinen van 

menselijke XPF en ERCC1 eiwitten bestudeerd. 

Hoofdstuk 1 van dit proefschrift geeft een beknopte introductie van DNA 

herstel mechanismen en NMR methoden voor de studie van eiwitten, DNA en eiwit-

DNA complexen. In hoofdstuk 2 hebben we de in-vitro stabiliteit van de XPF 

homodimeer met de XPF/ERCC1 heterodimeer vergeleken. We hebben gevonden dat 

XPF homodimeren aanzienlijk stabieler zijn dan XPF/ERCC1 heterodimeren. De 

waargenomen verschillen in stabiliteit kunnen worden verklaard door de 

aanwezigheid van een groter eiwit-eiwit oppervlak, meer waterstofbruggen en extra 

aromatische interacties gevonden in de structuur van de XPF homodimeer ten 

opzichte van de structuur van de XPF/ERCC1 heterodimeer. In hoofdstuk 3 hebben 

we de structuur bepaald van het complex van de XPF helix-hairpin-helix (HhH) 

domeinen gebonden aan 10nt enkelstrengs DNA. In overeenstemming met de 

resultaten van Tsodikov et al. die al een rol van XPF HhH domein  in enkelstrengs 
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DNA binding impliceerden, hebben wij gevonden dat het positief geladen oppervlak 

van de XPF interactie aangaat met de negatief geladen fosfaat backbone van het 

enkelstrengs DNA. Verder hebben we opgemerkt dat een guanine base naar buiten 

klapt en bindt in een holte gevormd door residuen van het geconserveerde eerste HhH 

motief en het gemodificeerde tweede HhH motief. In deze holte heroriënteren de 

zijketens van het eiwit zich na complexformatie. Een deel van de holte is reeds 

gevormd en is het resultaat van de veranderde conformatie vanwege de XPF-

specifieke deletie van een residu in de hairpin van het tweede helix-hairpin-helix 

domein. Op basis van onze bevindingen stellen wij een model voor ter verklaring van 

de binding van XPF/ERCC1 heterodimeer aan de ss/ds DNA overgang. In hoofdstuk 

4 hebben we gebruik gemaakt van de hoge affiniteit voor DNA door de dubbele HhH 

domeinen van XPF homodimeren om de substraat specificiteit van XPF/ERCC1 

heterodimeren te begrijpen. Ten eerste hebben we door middel van biochemische 

assays aangetoond dat het HhH domein van de homodimeer XPF kan binden aan 

ssDNA en structuur specifieke DNA substraten zoals fork, bubble en Holliday 

strukturen. Vervolgens tonen we door middel van NMR spectroscopie aan dat in 

XPF/ERCC1 heterodimeren de XPF HhH domeinen kunnen binden aan enkelstrengs 

DNA met dezelfde residuen als gevonden voor XPF homodimers. Ook liet XPF dat 

was gemuteerd op deze residuen verminderde DNA-bindende activiteit zien. De 

studie in dit hoofdstuk van de DNA-binding met wild type en mutant XPF HhH 

domeinen zijn een aanvulling op de structurele bevindingen van hoofdstuk 3. Kortom, 

nu hebben we een model om te begrijpen hoe XPF/ERCC1 bindt aan de ss/ds DNA 

overgang. 
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